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PREFACE 


The eighth edition of this book is the result of major additions and 
rewriting of the bulk of the material given in this book. 

Specifically the changes have been directed towards the aim to 
give more rigorous and extensive treatment to atomic structure. The 
chapter on Chemical Bonding has been completely changed, and 
major changes have been made in the chapters on Chemical Ther- 
modynamics and Physical Properties and Chemical Constitution. A 
new chapter on Macromolecules has been added in this edition, 
Extensive rearrangements, amplification and rewriting of the previous 
material have been done in this edition. 

A large number of solved and unsolved problems have been added. 
The book covers the revised syllabi of physical chemistry for B.Sc. _ 
and B.Pharm. courses of Indian Universities. 

We are grateful to our conferrers who contributed so generously 
with their valuable suggestions to improve the book. 


K.K. SHARMA 
L.K. SHARMA 


e 


PREFACE TO THE FIRST EDITION 


The students of Chemistry at the university level are exposed to 
heavy doses of descriptive and theoretical material, which make it 
difficult for them to grasp the subject. We, therefore, thought it 
desirable to restructure the subject-matter in the field of Physical 
Chemistry in a way that would not only sustain the interest of the 
students but would also lay particular stress on the stimulating ' 
theoretical basis of the modern chemistry. The present work is the 
result of our efforts in this. direction. It is primarily intended to 
serve as a textbook for B.Sc. General and Honours students. At the 
same time, the students pursuing M.Sc., Chemical Engineering and 
other professiona! courses will also find the book extremely useful. 
At the present stage of chemical sophistication, it is not easy 
to decide the level and the standard of treatment of the subject- 
matter. However, our main concern in this work is modern chemi- 


cal theory and not its practical applications. 
It has been our attempt to give each of the toad: areas of the 


- subject—thermodynamics, structure of the atom and chemical 


kinetics—a unified treatment. The abstract thermodynamic con- 
cepts have been explained with the help of common examples and 
illustrated further with the help of solved examples. 

The treatment of atomic structures and valency is based on elec- 
tronic energy levels, atomic orbitals and the valence bond approach. 
The chapter on chemical kinetics has been designed; not merely to 
state the reaction rate law, but to provide a detailed treatment of 
the variation of the rate of a reaction with concentration and tem- 
perature and the theories of reaction rates. 

The chapters on nuclear chemistry, solids, photochemistry, colloids 
and electrochemistry contain the recent advances made in these 


fields. 
The text is functionally illustrated with over two hundred dia- 


grams and photographs. A large number of thought-provoking 
problems have been given at the end of each chapter. 

We are grateful to the earlier authors in the subject who have 
shaped our thoughts on various topics. Our gratitude is also ex- 
tended to our colleagues, friends as also to our students, for their 
invaluable general helpfulness and many constructive suggestions. 
Comments and criticism from the readers will be most welcome. 
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Chapter 1 


SOME FUNDAMENTAL CHEMICAL 
CONCEPTS 


1.1. INTRODUCTION 


The collection of facts and theories about natural phenomena and 
objects, is the body of knowledge called science. 

All the scientific knowledge may be grouped into two large 
divisions: the biological sciences which are concerned with living 
things, their structure, life processes and environment; and the 
physical sciences which deal with the natural relationship about us. 

Chemical substances are the material constituents of all the 
matter in the universe. They are as much the components of living 
cells as they are the materials that constitute the rocks, liquids and 
gases of the earth and the rest of the Universe. 

Chemistry is the science that describes the structure and compo- 
sition of the material in the Universe, the changes in structure and 
composition, this material undergoes and the energy relations involv- 
ed in these changes. 

Chemistry developed from two sources (i) philosophical, and 
(ii) utilitarian. Greek philosophers sought to account for the 
material diversity of the world in orderly and intellectually satisfy- 
ing terms. 

Practical men and women of the several ancient civilisations 
expanded arts and crafts into useful technologies for smelting and 
alloying metals, making glass, compounding medicines etc. 

Physical chemistry is that branch of chemistry which concerns 
itself with the study of the physical properties, structure of matter 
and the laws governing the chemical interactions. The important 
purpose of physical chemistry is, first, to collect the experimental 
data, needed to define the properties of gases, liquids, solids, solu- 
tions and colloidal dispersions and to provide them a theoretical 
foundation in the form of laws. 


1.2, DEFINITIONS OF SOME CHEMICAL TERMS 
In all the discussions in this book any material object whether simple 


or complex will be referred to as matter. A form of matter which 
cannot be further broken down to simpler forms by ordinary means 
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is known as element. The smallest part of an element which can 
exist in a chemical change is called atom. The atoms of a particular 
element have a definite mass which is different for different elements. 
Ordinary hydrogen has one unit of mass. It is referred to as atomic 
mass unit (amu). 

All atoms are composed of a nucleus, containing protons and 
neutrons and a number of electrons outside the nucleus. The 
number of protons within the nucleus is called the atomic number 
of the element. Substances with the same atomic number but with 
different mass numbers are known as isotopes. Elements, as they 
occur in nature, may consist of a mixture of isotopes. On the other 
hand, there are some substances which have same atomic weight 
but different atomic number. These substances are known as 
isobars. 


The atomic weights are expressed in atomic mass unit, the actual 
numbers used can be thought of as representing the relative weights 
ofthe atoms. The listed values of the weights in any weight unit— 
grams, pounds, tonnes etc., cam be associated with these relative 
weights. If the units chosen for a certain use is grams, the resulting 
quantities are known as gram-atomic weights. The exact gram- 
atomic weight of an element is the number of grams of that element 
numerically equal to its atomic weight in atomic mass unit (amu). 


The table of atomic weights is a compilation of masses of the 
elements relative to the O1$—16.00000000. In 1961, the International 
Union of Pure and Applied Chemistry adopted a new atomic weight 
System based on the C'? isotope of carbon as being 12.00000. 


The smallest particle of a substance capable of independent exis- 
tence as a gas or as a definite entity in solution is called a molecule. 
The weight of a molecule can be obtained by adding the atomic 
weights of all the atoms in it. 


The weight of a substance expressed in grams is known as the 
gram molecular weight or more simply as mole. Since molecular 
formula of oxygen is O2, 32 grams of oxygen is equivalent to 1 
mole. Similarly one mole of hydrogen weighs 2 grams. A mole con- 
tains 6.02310? number of molecules. This number is called 
dias number. The relationship between moles and mole- 
cules is: 

n (moles) x N (Avogadro's Number)— Total number of molecules. 


1,3, STATES OF MATTER 


Matter exists in three main states—gaseous, liquid and solid. The 
main difference in the three states lies in the arrangements of atoms, 
molecules or ions constituting the matter. In solids, the molecules 
are most closely packed and are orderly arranged. The stronger 
cohesive forces in a solid are responsible for its higher density, 
‘hardness, strength and ability to resist the effects of heating with 
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the exception of ice. Moreover, compactness of the molecules is 
responsible for the definite shape and volume at a given temperature 
and pressure for every solid. In gaseous state, the molecules are not 
orderly arranged. The molecules in a gas are far apart and are 
movingat a very high speed in all directions. Gases, therefore, 
possess neither definite volume nor shape and fill completely any 
container in which they are placed. In liquids, molecules are not as 
close as in the solid but are much closer than are the molecules. in 
a gas. The liquid is intermediate between the solid and the gas and 
hence its properties are intermediate between those of the other two 
states. A liquid has a definite volume but no definite shape. It 
always adopts the shape of the container. Both gases and liquids are 
termed as fluids. 


The above distinctions in the three states of matter is not 
absolute. The distinction is physical and can be observed with any 
substance which changes its physical state by changing temperature 
and pressure without changing its chemical nature. For example, 
ice, liquid water and water vapors are chemically similar as they are 
all composed of H2O molecules. The difference in the three forms 
of water is due to the difference in the compactness of molecules 
in the three states. Moreover certain substances, such as glass, gels, 
rubber and plastic are not properly classified by implying the above 
definitions, e.g., rubber when stretched exhibits many of the proper- 
ties of a solid whereas in its normal state, it does not exhibit the 
property of a solid. 


At a certain temperature and pressure, it is not always possible 
to clearly distinguish the three states of matter, e.g., at critical point, 
aliquid cannot be distinguished from its vapor. Similarly glass, 
which exhibits many of the properties of a solid, becomes plastic on 
heating to a high temperature and exhibits properties entirely differ- 
ent from solid. For this reason, glass and similar substances are 
known as supercooled liquids with very high viscosity. 


The particular state of aggregation of matter is determined by the 
temperature and pressure under which the substance exists. It is also 
possible that a substance may exist together in more than one form 
at a certain temperature and pressure. For example, at the tripple 
point (temperature=0,010°C and pressure=4.57 mm Hg), all the 
three states of water are present together. : 


Properties of matter, useful in identifying it, are called specific 
properties and may be classified under two general headings: physical 
and chemical. 


Physical properties are those which can be determined without 
causing a change in the identity of a material. These include colour, 
odour, solubility, density, hardness, melting and boiling points and 
crystalline or amorphous forms. 


Chemical properties are those which deal with the behaviour of a 
material in changes in which its identity is altered. 
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Matter can be converted to energy and energy to matter. How- 
ever, matter and energy may be considered to be two different forms 
of the same physical quantity. This can be formulated into the Law 
of Conservation of Matter and Energy. It can be stated as, “matter 
and energy are interchangeable; and the total matter and energy in 
the universe is constant.” 


Force, Pressure and Energy 


The concepts of force, pressure and energy are very important in 
Physical Chemistry. It would therefore be useful if we familiarise 
ourselves with their S.I. units. 

Force, The basic unit of force, is, the force necessary to move a 
mass of 1 kg so that it accelerates at the rate of | ms?. The basic 
unit is newton (IN—1 kg ms2). 

Pressure. When a force IN is acting on an area of Im?, gives 
us the basic unit of pressure. It is called Pascal (IPa-1Nm-2). One 
atm is exactly 101325 Nm^? but one atmzz105 Nm"? is often suffici- 
ently accurate. 

The other common unit of pressure is Torr (named after Torricelli 
who invented the barometer). The Torr is just another name for 
mm Hg. 1 atm=760 Torr. Pressure is also expressed in bar (1 bar= 
105 Nm?) 

Energy. The unit for measuring energy is the joule (J). The 
formal definition of 1J isthat it is the energy required to push 
against force of IN for Im (1J—1Nm). One of the most common 
unit of energy is the thermochemical calorie (cal). This is defined as 
4.184J. Another unit of energy is the electron volt (eV). This is the 
energy acquired by an electron when it is accelerated through a 
potential of 1V. Since in chemical reactions one is dealing with 
molar quantities, it is better to think in terms of 1 mol of electrons. 
The conversion is 1 eV==96.49 kJ mol"! (22100 kJ mol-!), 


Chapter 2 


GASEOUS STATE 


Evangelista Torricelli, in 1643, advanced the concept that we live in 
a deep sea of air which has weight that presses upon us. He showed 
that a column of mercury can be employed for its measurement. 


In the gaseous state which is the simplest of the three states of 
aggregation of matter, the arrangement of molecules at any time is 
random or disorderly. There are two types of gases, namely, (a) ideal 
gases, and (5) non-ideal or real gases. 


A gas is said to be ideal if it obeys the gas laws such as Boyle's 
law and Charles's law at all temperatures and pressures, A real gas 
obeys these laws only at low pressures and high temperatures. 


In an ideal gas, the volume occupied by the gas molecules is 
negligibly small as compared with the total volume at all temera- 
tures and pressures and the molecules exert no attractive or repul- 
sive forces on each other. For non-ideal or real gases, both of these 
factors are appreciable and the magnitude of each of them will 
depend on the nature, temperature and pressure of the gas. There is 
no gas which behaves ideally at all temperatures and pressures and 
is just a hypothetical concept because the molecules of every gas do 
occupy some volume and exert some attractive or repulsive forces on 
each other. However, when the temperature is very high and the 
pressure is very low, the influence of these factors becomes so small 
that they are negligible and the gas is considered to approach the 
ideal behaviour. 


24. THE LAWS GOVERNING THE IDEAL GAS BEHAVIOUR 


Boyle's Law. This law, given by Robert Boyle in the year 1662, 
states that temperature remaining constant, the volume (V) of a given 
quantity of a gas varies inversely as the pressure (P) on the gas. 

That is: 


Va (At constant temperature) 
or V= A 


where K; is a constant of proportionality, the magnitude of which 
depends on the temperature, the weight of the gas, its nature and 
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units in which P and V are expressed. Alternatively, this equation 
can be written as: 
PV=Ki es. T) 

Equation (2.1) is the equation of a hyperbola and the curve 
plotted a ae and volume should yield a hyperbola. This 
js shown in Fig. 2.1 for three temperatures Ti, T2, T4, where 75 is 
greater than 72 and Tz is greater than 7; for the same amount of a 
gas. 

Each curve has a different value for Ki because temperature is 
different and is known as iso- 
(Constant mass ) therm. (iso=same; therm= 

T3 T4 temperature). 

Equation (2.1) can be written 
inthe more useful form as 
follows: 

Let P; and V; be the pressure 
and volume of a given mass of 
a gas in certain state while 
in another state they are P2 
and V2. Temperature in both 

Fig. 2.1. Volumes as a function of the states is constant. Since 
pressure at constant temperature. the product of pressure and 
volume must equal a constant 

at a definite temperature, it follows that: 
j PIa—PYi—kRk 2«9(2.2) 

If any three of these variables are known, the fourth one can be 

calculated from the equation (2.2). 

Charles's or Gay-Lussac's Law—Absolute Temperature. This 
law deals with the variation of volume with temperature at constant 
pressure. Charles, in 1787, observed that at constant pressure, the 
volume of any gas expanded by the same fraction of its initial volume 
at 0°C for every one degree centigrade rise in temperature. Charles's 
work was confirmed by Gay-Lussac in 1802. Gay-Lussac found that 
for each degree rise in temperature, the volume of the gas increased 
by approximately 1/273 of the volume of the gas at 0°C. The more 
accurate value of this fraction is: 

t 1/273.15. 


If Vo is the volume of the gas at 0°C and V is the volume at any 
temperature t°C, then according to the above statement: 


t 
273.15 


3 Aue 
ue ( kh 515) 


245 [2315+ 
on =r ( 27315 ) 


Pressure (Atm.) > 


Volume (litres) — 


V, Vo4d- Vo 


2 Q3) 


SSeS 


GASEOUS STATE 


7 


The quantity (273.15+t) is defined as the absolute or Kelvin tem- 
perature. Thus, T (K or A)=273.15-rt (°C). Thus to obtain the 


temperature T on the absolute scale 


from the temperature £ on the 


centigrade scale, one adds 273.15 to the centigrade temperature. 
Similarly, the temperature at 0°C is given by 7o— 273.15. When T— 
—273.15°C. T=0 K which is the lowest temperature attainable. In 
terms of absolute scale, equation (2.3) becomes: 


ve 
Vo” To 
or in general pe R 


aoe (2.4) 


According to equation (2.4), volume for any definite quantity of 
a gas at constant pressure is directly proportional to the absolute 
temperature. Mathematically: V oc T (at constant pressure) 


or V=K,T 


ees 25) 


where Kp is a constant of proportionality. and depends upon the 
pressure, mass and nature of the gas and the units of V. This is an 
alternate expression of Charles's or Gay-Lussac's Law of volume. 
According to equation (2.5), a graph of volume versus absolute 
temperature for any definite quantity of gas at constant pressure, 


should be a straight line. Fig. 2.2 
shows a plot of volume versus 
temperature at two pressures; 
Pı and P; (P2 P1) for the 
same quantity of a gas. The 
value of K, foreach of these 
two plots will be different. The 
constant pressure curve is 
called an isobar. It is clear 
from the curve that greater is 
the pressure, the lower is the 
slope. 

Equation (2.5) also suggests 
that if T=0 (—273°C), v=0. 
But actually this condition can 
never be achieved because be- 
fore such a low temperature is à: 
solidified. 


P 


P2 


Volume (litres ) —* 


ar 


Temperature (A)> 
Fig. 2.2. Volume as a function of 
temperature at constant pressure. 


jeved, every gas gets liquefied or 


2.2. THE COMBINED GAS .AW AND THE GAS EQUATION 


The two gas laws discussed above can be combined into one law as 


follows: 


Let Pı, V1 ond T; be the pressure, 


volume and temperature res- 


pectively of any definite quantity of a gas and let it be desired to 
have it at Pa, V2 and T». This is achieved in two steps: 
(i) The pressure P, is changed to P2 at constant temperature Ti 
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by compressing or expanding the gas. The resulting volume Vx, 
according to Boyle’s Law, is given by: 
Sus 26 
Vi Pi ... (2.6) 
(ii) The temperature is changed from Tı to Tz keeping the pressure 
Pı constant and during this change let the volume change from Vx 
to Vz. According to Charles’ Law, at constant pressure, we have: 
Wei Ti A Len 23 
Y, m or V, Ta (2:7) 
Substituting the value of Vx from equation (2.7) into equation 
(2.6), we get: 


WoT, PV 
Tr Pi 
: PAYG eaka 2 
or T =F, "Constant (k) 


In general, REK i.e. the ratio D for any definite quantity of a 


gas obeying Boyle's Law and Charles's Law is constant. 
On rearranging: 
PV=KT c UA(28) 
This equation js known as the combined gas law as it is obtained 
by the combination of Boyle's Law and Charles's Law and both 
these laws can easily be deduced from this. When T—constant, equa- 
tion (2.8) becomes P/—constant which is Boyle's Law. Similarly, 
when P=constant, equation (2.8) [reduces to V œ T which is 
Charles's Law. 
. The numerical value of the constant K is determined by the quan- 
` tity of gas and units of P and Y but is independent of the nature of 
the gas. Let us take 1 mole as the quantity of gas whose volume is 
to be determined at some fixed temperature and pressure, say 0°C 
(273.15 K) and one atmosphere respectively—the so-called standard 
temperature and pressure (STP). Now, according to Avogadro's 
Law, one mole of every gas under these standard conditions of tem- 
perature and pressure occupies the same volume (22.414 litres). 
Let Po, Vo and To be the pressure, volume and temperature res- 
pectively of the gas at STP, then for 1 mole of gas: 
Poo PYV 
TIT I (constant) $315(2:9) 
where R is a universal constant for all gases and is known as the gas 
constant. 
For moles, equation (2.9) becomes 
PV=nRT ... (2.10) 


This equation is known as the ideal gas equation. 


2D 
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2.3. NUMERICAL VALUES OF R 


This can be easily found from the fact that 1 mole of any ideal gas 
at STP occupies a volume of 22.414 litres. 
PV  1x22414 
Therefore, R=-7 = 1x235 x27315 
_ 0.0821 litre atm/degree 
fs ] mole 
If volume is expressed in cubic centimetres, 
R= ees € =82.1 cm? atm/degree/mole 
Again einc R= Pressure x volume 
Number of moles x temperature 
Force 
Arca 
— moles x degree 
=Work/Degree/mole. 
Therefore, R can also be expressed in any set of units represent- 
ing work or energy. 
In CGS units, when it is desired to determine the value of Rin 
ergs, pressure should be expressed in dynes/square centimetres and 
volume in cubic centimetres. The values of P and V in CGS units 


are given by: 


X Area x length 


P—1x76x13.595x981 dynes/cm? at 0°C 
(13.595 is the density of mercury at 0°C) 


V=22.414 cc. 
(76 x 13.595 x 981)(22.414) 
Therefore, Ra 727813 | 


—8.314 x 107 ergs/degree/mole. 
Further, since 1 Joule=107 ergs and 1 calorie —4.184J 
R=8.314 joules|degree|mol 


and also no — 1.987 calories/degree/mol 


Values of R may be summarised as under: 
0.082 litre atm/deg/mol } 
8.314107 ergs/deg/mol { 
R 8.314 joules/deg/mol 
1,987 calories/deg|mol J 


S1 units 
The modern value of V—22.41383 L/mol 
—22.41383 x 10-3 m3/mol. Since 7=273.15 K, 


P=1 atm=1.01325% 105 Pa the value of R is 
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jg PV _ (1.01325 X105 Pa)(22.41383 x 1073 m3/mol) 
TD OE: 298.15 
8.31441 Pa m? K^! mol-1—8.31441 J K^! mol-1 
R has the dimensions of energy kelvin~! mole-!, The SI unit of pres- 
sure is the pascal (Pa) defined by f 
: 1Pa=1N/m?=1 J/m3=1 kg m-! s-2 
The common practical units of pressure are the atmosphere (atm), 
the torr (Torr) and the millimetre of mercury (mm/Hg). The standard 
atmosphere is defined by 
1 atm=1.01325 x 105 Pa 
The torr is defined 
760 Torr=1 atm : 
The conventional millimetre of mercury (mm Hg) is the pressure 
exerted by a column of mercury 1 mm high of a fluid having a den- 
sity of exactly 13.5951 g/cm? in a location where the acceleration 
of gravity is exactly 9.80665 m/s?. The millimetre of mercury is 
greater than the torr by about 14 parts in 108, For our purposes 
1 mm Hg—1 Torr. 
The SI unit of volume is the cubic metre. The practical units of 
volume are the cubic centimetres and the litre L. The relations are 
1L—1 dm3=1000 cm3— 1073 m? 
Problem 2.1. One mole of an ideal gas occupies 12 L at 25°C. What is the 
pressure of the gas? 
Solution 


pa PRT | T=713.15+25=298.15 K 
V=12 LX10-* m*/L—0.012 m? 
P= 1 mol (8.314 J K-* mol-1)(298 K) 
0.012 m? 
=2.06X10* J/m* 
P=2.06Xx10* Pa =206 kPa 
Problem. 2.2. A 2-litre Dumas bulb contains n moles of nitrogen at 0.5 atm 


pressure at T K. On addition of 0.01 moles of oxygen, it is necessary to cool the 


Tune a temperature of 10°C in order to maintain the same pressure. Calculate 
n and T. 


Solution, For an ideal gas, PV=nRT 


PV 
Therefore, AE 
After the addition of oxygen, we have (n+0.01) = RT 
where P=0.5 atm. 
V=2 litres 


R=0.082 litre atm deg-? mole-? 
T=283+10=283K 


(n40.0)= 0.5xX2 


0.082283 70.0332 
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Hence n=0.0332 
Therefore, T= UE 
nR 
05x2 
= 0.0332 x 0.032 
=367 K. 


Problem. 2.3. Two flasks of equal volume are connected by a narrow tube 
(of negligible volume). Initially both flasks are at 27°C and contain 0.70 moles 
of h drogen gas, the pressure being 0.50 atm. One of the flasks is then immersed 
in a bot oil bath at 127°C while the other is kept at 27°C. Calculate the. final 
pressure and the moles of hydrogen in each flask. 


Solution. The gas equation PV—nRT can be written as: 
ERES 

In the initial conditions, 20.70 mole 
P=0.5 atm. and T=273+27=300 K. 


0.7= = a4 (V is the volume of one bulb) 


or V[R»0.7 x.300 
When one flask is heated, the same 0.7 mole will be equal to m-+7ta, 
Thus, iras EI ( ih +) 
RNE ET 


T,=300 K and 7,—400 K. 
On inserting the value of V/R, 


1 1 
072 PX0.7x300 (555 395) 


or P=0.57 atm. Ans. 

0.57V — 0.57X0.7 X300 
n= zR w0 2 0-40 mole Ans. 
Hence 714—0.70—0.40—0.30 mole. Ans. 


Also 


2.4. DALTON’S LAW OF PARTIAL PRESSURE 


This law states that at constant temperature, the total pressure exerted 
by a mixture of gases in a definite volume is equal to the sum of the 
partial pressures which each gas would exert if it occupied the same 
total volume alone. j 

Thus in a mixture of gases, each gas would exert its pressure 
independently of the other gases in the mixture and this individual 
pressure will be same if the gas istaken separately provided the 
Specified volume and temperature remain constant. 

For this law to hold, it is essential that the gases involved in the 
mixture should not interact chemically or physically and behave 
ideally. : 

Consider three gases, say 4, B and C, taken separately ina V 
litre flask at some temperature T and let Pa, Pg and Pe be the res- 
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pective pressure of each gas. Let all the three gases be forced into 
another V litre flask at the same temperature. Then, according to 
Dalton's Law of partial pressure, total pressure (P) in the fourth 
flask would be: 
P=P,4+Ps+Pc s (21h 
P4, Pg and Pc are the partial pressure of each gas. Applying ideal 
gas equation: 


RT 
ORT oe. 
Pa=na y (2.12) 
RT 
Pa=ns A. wes (213) 
and ponet +. (2:14) 


V 
Since the total pressure, 
P=P4 +Pa+Pe 


Therefore, Pon nb A -+ne E 


(Quem +n) AL 


ah ar Eu. 15) 


where n;=n4-+ns-tnc is the total number of moles of gas in the 
mixture. 

Dividing equations (2.12), (2.13) and (2.14) by equation (2.15), 
we get: 


Pe (^ )e ... (2.16) 
Po=(“2.)p Sean 
and Po=( ze )p ... (2.18) 


The terms in the brackets of above equations stand for the num- 
ber of moles of each gas divided by the total number of moles of all 
gases present together and are known as the mole fraction designated 
by the symbol X4, Xs and Xc respectively. 


Thus, Pa=XaP 
Pp=XpP 
and Pc—XcP 


In terms of mole fraction, the partial pressure of each gas in a 
mixture of gases is equal to the mole fraction of that gas multiplied 
by the total pressure. 
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The sum of all the mole fractions is unity i.e. 
X4 -Xpt- Xc—l 

In Dalton's Law of partial pressure, the gases are mixed at cons- 
tant volume and temperature. If they are mixed at constant pressure 
and temperature, the total volume of the resulting mixture is given 
by the sum of the individual volume i.e. V—Va--Va4-Vc where V is 
the total volume of the mixture and V4, Vg and Vc are the partial 
volumes. 

This is known as 4magat's Law of partial volume, As in Dalton’s 
Law of partial pressure, it can also be shown that 

Va=XaV, Vg— XgV and Vc XcV 


Problem. 2.4. The total pressure exerted by a mixture of two gases A and B is 
76.2 cm. The number of moles of the two gases are 0.0075 and 0.0040 respecti- 
vely. Calculate the partial p essures of the two gases. 


Solution. Total number of moles— 0.0075 4-0.0040—0.0115 
Partial pressure of A, 


(rna 
Pa=( nA IB ) 


0.0075 ud 
= Dons (7627497 cm, of Hg. 


and partial pressure of B, 
Pg—-P—PA 
=76.2—49.7=26.5 cm. Hg, 
Pp can also be found from the relationship, 


2( m 
Pa=( nATnB ) 


Problem 2.5. If 12.0 gms of N, 0.40 grams of H, and 9.0 grams of O, are put 
into a 1.00 litre container at 27 °C, what is the total pressure in the container? 


Solution. The number of moles of each gas is 
12.008m N; .. 

28.0 gm/molé 0.43 mole Ng 
0.40 gm Ha 
2.0 gm/ mole 

9 00 gm O; 
32 gm/mole 
The total number of moles, 7,—0.434-0.20--0.28—0.91 mole. 
Total pressure, P, is then determined by 


—0.20 mole H4 


and =0.28 mole O: 


MRT 
Lm 7a 


here, 7;—0.91 mole, 7—300 K 
R=0.082 litre atm/deg/mole and V=1.00 litre 


= SOKO OO 224 atm. Ans, 


The same result can also be obtained by calculating the pressure 
of the gases indirectly and adding them to give the final pressure. 


P 
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Uo* 
2.5, GRAHAM'S LAW OF DIFFUSION 


Whenever a gas is taken in a container having a small hole, it has a 
natural tendency to escape that container. However, the rate at 
which the gas escapes is not the same but would be different for 
different gases. This tendency is known as the diffusion. Graham’s 
Jaw deals with the diffusion of various gases and states that, at cons- 
tant pressure and temperature, the rate of diffusion of any gas is 
inversely proportional to the square root of the density or the mole- 
cular weight of the gas. 


If d; and di are the densities of two gases at the same temperature 
and pressure and r2 and rı are their respective rates of diffusion, then 
according to Graham’s law of diffusion: 


n [4 ... Q.19) 
T2 di 
Since the pressure and temperature are the same, the molar 
volume of each gas would also be same, say, Vm. 
Equation (2.19), therefore, can also be written as; 


n [4v | Mo s 220). 
T2 Vin Mi 


where M» and Mi are the molecular weights of two gases. 


Problem 2.6. What is the relative rate of diffusion for hydrogen molecules 
compared to those of oxygen at the same temperature? 


Solution. According to Graham's law of diffusion: 


"m, | Mo, 
TO, My, 
Here Mo, =32 and My,=2 
Hy _ | 32 — 16-4 


The hydrogen molecules diffuse four times faster than oxygen molecules. 


2.6. THE KINETIC THEORY OF IDEAL GASES 


The laws governing gaseous behaviour discussed so far were arrived 
at by experiment and there was no theoretical justification. The 
kinetic theory of gases, first proposed by Bernoulli (1738) and subse- 
quently developed by Clausius, Clark Maxwell, Boltzmann, van 
der Waals and others, provides a theoretical explanation for the 
properties of ideal gases. This theory is based on certain assumptions 
which cannot be treated as strictly correct. i 
The essential postulates of kinetic theory of ideal gases are: 


(i) Every gas consists of a very large number of tiny solid particles 
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+ 
called molecules. Molecules of the same gas are identical in all 
respects i.e., they have the same mass, shape and size but differ from 
molecules of another gas. 


(ii) The molecules of a gas within a container are in a state of 
constant rapid motion in all possible directions. They travel in 
straight lines until on collision with another molecule or with the 
walls of the container the direction of motion is changed. 


(The average distance that a molecule moves through before col- 
liding with another molecule is known as the mean free path of the 
molecule and is constant under constant condition of temperature 
and pressure.) 

(iii) The pressure of a gas on any surface is the result of conti- 
nuous bombardment on the surface by its molecules. 

It can easily be explained why the pressure is increased by decreas- 
ing the volume at constant temperature or raising the temperature 
at constant volume. In the first case, more molecules are crowded 
into a given space and in the second case, the velocity of. the mole- 
cules and, subsequently, their Kinetic energy is increased. 

(iv) The molecules of a gas exert no appreciable attraction on 
each other and behave as perfectly elastic body. Hence the collisions 
of the molecules with each other and the walls of the container are 
perfectly elastic and there is no loss of kinetic energy resulting from 
their collisions or mutual friction. 

(v) The absolute temperature of a gas is a measure of the average 
kinetic energy of all the molecules present in it and is directly pro- 
portional to it. 

(vi) There is no effect of gravity on the motion of the molecules 
of a gas. 

(vii) Since the molecules are very small as compared to the dis- 
tances between them, they may be considered to a first approxima- 
tion to be point masses with vanishingly small volumes. Hence their 
actual volume is negligible in comparison with the total volume of 
the gas. 


The postulates (iy) and (vii) are the weakest assumptions of the 
theory and embody the model of an ideal gas. 
- Pressure of an ideal gas. With the aid of these simple assump- 
tions, it is possible to deduce an equation for the pressure of an 
ideal gas and is derived as follows: 


Consider a cubical vessel of each side 7 with perfectly elastic walls 
containing a very large number of molecules, say n’. Let m be the 
mass of each molecule and their velocity is U. (The velocity taken 
here is known as the root mean square velocity.) 

The velocity U can be resolved into three component velocities— 
Ux, Uy and U; parallel to the three mutually perpendicular axes— 
x, y and z and is governed by the relationship: 

U2— Uy U? 
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Consider one molecule in the cube, moving in x-direction perpen- 
dicular to face A. The molecule strikes the face A with a velocity 


Fig, 2.3. Resolution of velocity along three co-ordinate axes. 


U, and momentum mU. After striking, it rebounds with the same 
velocity —U and momentum—mU, in the backward direction. 


Therefore, the change in momentum per molecule per single 
collision in the x-direction at the face A is 
—mU,—(—mU;)—2mUs. 

The molecule now moves to the opposite wall, A’. It strikes 4’, 


rebounds and travels back again to A after covering a distance, 2 
The time taken by the molecule to go to the other side and then to 


Le igh 
come back is Ue: 


Hence the number of impacts with the wall A which the molecule 
will experience per second 
EUa 
SELDE 
Therefore, change in momentum/secon for one molecule at the 
face A, 
mU 
I 
The same change in momentum will be experienced by the same 
molecule on the opposite face, 4’. : 
Hence, total change in momentum/second/molecule in x-direction 
2mUg 
=] ash (2.21) 
Similarly change in momentum/second/molecule in the y-direction 


Ux 
—QmU3.-5r— 


— 
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and z-direction is given by: 
2 2 
ae and npe. z 


Hence the total change in momentum/molecule/second for all the 
three components is: 


2mU;? , 2mU, 3 , 2mU2 
= + 


respectively. 


l j I 1 
= Ui EU UP) 
" 2 k 
S: zi e 1... (222) 


Since there are n’ molecules in the cube, total change in momen- 
tum/second for n’ molecules 
2mn'U? 
= i ea (2,23y: 
Now, from Newton's second law of motion, rate of change of 
momentum is the force, f, and force per unit area is. defined. as the 
pressure, P. 


pf. 2mn'U? 

Therefore, P= = lá e+ (2,24) 

Since, the total area of the walls of the cube is 6/2 
2mnU? | mn'U2 


$ 


Therefore, P= FIILE — 3B Te CLS 
The volume of the cube, V=/3. 
'y2 
p=} un 
| or PV=% mn'U2 . . . (2.26) 


This equation derived by considering a cube relates the pressure 
of the gas to the, volume of the vessel and the mass, number and 
velocities of the molecules. The same equation can also be deduced 
by considering the vessel of any other shape. 


2.7. DEDUCTION FROM KINETIC THEORY 


Gas Laws 

(a) Boyle's Law. According to Boyle's Law, PV=constant (T= 

constant). E 
This law can be easily deduced by considering postulate (v) of the 

kinetic theory of gases, according to which Kinetic energy for n' 

molecules, $n’ U? is directly proportional to the absolute tempe- 

rature i.e., imn 
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or 4mn'U2=kT 5209127) 
where k is some proportionality constant. 

Multiplying the numerator and denominator of the left hand side 
‘of this equation by 3, we get 3 (+ mn'U2)—kT 
or immU?—$kT ... (2.28) 

But from kinetic theory of gases, PV=§ mn'U?. 

Therefore, equation (2.28) becomes: 

PV-$kT OD) 

or PV —constant, if T is constant. 

This is Boyle’s Law. 

(b) Gharles’s Law. According to Charles's Law, Voc T (P—cons- 


tant). Tt has been shown above that PV=% kT. This equation can 
also be written as: A 


. V=} (k|P) T which reduces to VaT if P is constant. This is 
. Charles's Law. 


(c) Avogadro's Law. This law which states that equal volume- of 
iwo gases under similar conditions of temperature and pressure con- 
tain equal number of molecules, is deduced as follows: 


For any two gases, 1 and 2, equation (2.26) from kinetic theory of 
gases is written as: 


i y P Wiı=ġmn'1U, and P2V2=4m2n' U2? 
ii Jf pressure and volume of the two gases are equal, 
: a PMi=PV2 
and hence 3 min Ui —d1man';U? . . - (2.30) 
Again, if the two gases are at the same temperature, the average 
kinetic energy/molecule will be same i.e., 
$m U2=4m2U? :x5(2:31) 
' Combination of equations (2.30) and (2.31) yields ni—7 which is 
Avogadro's Law. 
` (d) Graham's Law of Diffusion 


Since PV—i mn'U? 
Rewriting this equation as 
3PV 
EU pn 22.32) 
Again, the density of gas, say 
mmo 
TEN A 


Therefore, equation (2.32) becomes: 


Spem 3P 
2—— — [I —— 
U: j 9 U: J P, fe (233) 
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From equation (2.33) it follows that U ue if pressure is cons- 


Vd 
tant. > 
This is Graham’s Law of Diffusion. 
Similarly, if two gases are considered at constant volume and 
pressure, then 
łmiın'1U2=mm' U? 


mon 
or Ug UT. 
mini 
or U [mm _ | Mo 
U N mm' Mı 
if n; —ni =N (Avogadro's number). 


Further at constant temperature and pressure, the two gases will 
have the same molar volume. 


Hence, UN an d 
U; di i 
where d; and dz are the densities of gases 1 and 2. k 


(e) Dalton’s Law of Partial Pressure, If n’ molecules of a gas, 
each of mass m; and velocity Ui, occupy a volume V, then pressure 
P, exerted by these molecules is given by: 

"U2 
Pa 2.035) 

Similarly, pressure P; exerted by m molecules of another gas, 

each of mass mz and velocity U2 is given by: " 


Tr + 
ee Pm DR + 39) 
In the sanie manner, pressure Ps of a third gas is given by: 
NR 
poy E . 12.36) 


If all the three gases are forced together in another flask of the 
same volume and at the same temperature, then total pressure P is 


given by: 


"nr ERS m 
p.i em pa mm? y, mane 
=P;+P2+P3 
which is Dalton’s Law of partial pressure. : : 
The deductions of all these gas jaws from the kinetic theory of 
gases clearly indicate that the equation PV: =1 mn'U? is in agreement 
with the empirical ideal gas equation, PV=nRT 1 
Hence PV-—imn'U?—nRT 
Further, since n'—nN 
where n is the number of moles and W is the Avogadro's number, 
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Hence © PV=} n(mN)U?=nRT 
2 % 
or -2M0 nRT CAN 
where M=Nm is the molecular weight of the gas. 


Other Deductions from the Kinetic Theory 

The Kinetic- Energy of Translation, The mean kinetic energy 
per molecule is given by à MU?. If nis the number of moles, the 
total kinetic energy, Ex, of all the molecules is given by: 

* j Ex=4nMU? 
or Ex=% (3nMU?) - ++ (238) 

From equation (2.37) since $n MU?—nRT, _ 
equation (2.38) becomes: 

. Ex=3nRT (- 2502.39) 

and for 1 mole, Ex=$RT . . (2.40) 

This equation shows that kinetic energy of translational motion is 
directly proportional to the absolute temperature. This random 
movement of molecules is called thermal motion of the molecules. 
When T=0K(—273.16°C), the translational kinetic energy is zero 
i.e., all the molecular motion stops at absolute zero. 

The average kinetic energy per molecule can be obtained from 
ane (2.40) on its division by Avogadro's number, N, as given 

elow: E 

« E LSU RE d 

EN OLN 2 ea (2.41) 
where k=R/N is known as the Boltzmann Constant and its numerical 
value is 1.3805 x 10716 erg per degree, in SI units its value is 1.3805 x 
1072 JK“. 
Molecular Velocities 

Since PV—inMU? 

3PV 


For 1 mole, PV—i MU? or Un ES 


x “3PV , 
Therefore v=] EE (2.42) 


From this equation, the velocity of gaseous molecules can be cal- 
culated under different conditions as follows: 
Since M|V=d (density), equation (2.42) can be written as: 
3P K 
E 2. (2.43) 
' Again, since PV— RT (for 1 mole), equation (2.43) can also be 


written as: 
3RT 
v= RE a 4... (244) 


vad 


x 
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Thus velocity of gas molecules can be calculated from either of 
equations (2.42), (2.43) and (2.44) depending upon the data given. If 


:only pressure is given, equation (2.43) is used and when both pres- 


sure and density are given, equation (2.43) is used. But if only 
temperature is given, equation (2.44) is used. To get velocity in 
cm/sec, pressure should be expressed in dynes/cm? and density in 
grams/c.c. The value of R should be in ergs. $ 

Problem 2,6. Calculate the root mean square velocity of oxygen at IN,T.P: 


3PV j 
Solut —Al— 5 
olution, U M s 
Here P=1 atm- 76x 13.6X 981. dynes/cm* J 


V-22,400 c.c., M=32 
PA. MEL a. 
3x76x13.6X981 X22,400 
32 
= 4.6140 X 10* cm/sec. 


Problem 2.7. Calculate the root mean square yelocity of the molecules of 
hydrogen at atmospheric pressure. Density of hydrogen is 0.00009 gm/c.c. 


3P 
Solution. . U=a} a 
Here P=76%13.6X981 dynes/cm*, LOHR YT, WB LIBRA! 
i» = ja! m“, 
d=0.00009 Date /0. 8. 24 
3xexiiexsio Aven No. YETA. 
ux 0.00009 . 


=183,800 cm/sec. 
Problem 2.8. Calculate the root mean square velocity of nitrogen at 25°C. 
The molecular weight of nitrogen is 28.02. T 


3RT 
Solution. Us 4] M 
Here R—8314X10? ergs/deg/mole. 
M=28,02 
T=298°00 
bite NE ETE 
3x8.314X 107 x 298,00 2 em et Y 
he Jaa NN Ce oe SOS 
DATI 
5,14 x 10* cm/sec. 


2.8. THE DISTRIBUTION OF MOLECULAR VELOCITIES 


While deducing tlie equation for pressure from kinetic theory of 
gases, it was assumed that all molecules are moving with the same 
speed having root mean square velocity U. But, in actual practice, 
all the molecules cannot move with the same speed because they are 
frequently colliding with each other. As a result of this, molecules 
interchange momentum. Consider, for example, two molecules, with 
a given velocity and moving in the same direction, collide. It is 
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possible that during collision, one molecule may completely transfer 
jts momentum to the other with the result that the latter molecule 
will move off with increased velocity and the former may stop com- 
pletely. It is further possible that latter molecule may again collide 
with another molecule and attain even higher velocity. The mole- 
cules can experience collisions in al) the possible directions. Thus, 
collision results in a redistribution of both energy and velocity. The 
velocity will vary from zero to very high velocities. Maxwell and 
Boltzmann, using the theory of probability, have shown that distri- 
bution of “molecular velocities depends on the temperature and the 
molecular weight of a gas is given by: 
d M 3/2 -4 
dno _ k 2RT m 
n 4n (E ) e C?dC z. . (2.45) 
This equation is known as the Maxwell Boltzmann distribution 
law. Left hand side of this equation gives the fraction of the total 
number of molecules, n', having velocities between C and C--dC M 
is the molecular weight of the gas and T is the absolute temperature. 
Dividing equation (2.45) by dc we get: 


: M eM 
»j dno: i 5 CURT. po 
gt xr) EE C . +. (46) 

The left hand side of this equation represents the probability, p, 
of finding molecules having a particular velocity. 


The distribution of molecular velocities can be represented graphi- 
cally by plotting a curve between probability (p) having various 
Velocities and the velocity C at a definite temperature as shown in 
Fig. 2.4. The actual curve will depend on the molecular weight of 
me n and the absolute temperature, but the general form is always 

same. $ 


52L5»11l 
H 


c= 


Fig. 2.4. Maxwell’s Law of the distribution of molecular velocities, 


It can be seen from the diagram that for each curve, p increases 
with increase of C, passes through a maximum and then begins to 


ey dec 
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decrease. This means that very few molecules possess either very 
low or very high velocities and majority of the molecules have 
velocities corresponding to the peak of the. curve. The velocity is 
known as the most probable velocity. The most probable velocity in a 
gas varies with temperature and increases with rise in temperature. 
Thus when temperature changes from T; to Ta, the general form of 
distribution curve changes from I to Il and the maximum shifts to 
the right indicating that most probable velocity increases with rise in 
temperature. 

It can be shown by mathematical calculations that most probable 
velocity (C) is given by the expression: UR 


cod 


The average (or mean) velocity of the molecules of a gas is 
defined by: 


RT 
a 1. Q4) 


y- COO s. C 
MC TA 


and the root mean square velocity, U, as 
MNT os AE M ep MN 
Ul CuEChEChA ... C'n 
CEU ECC mre me 


where Ci, C2, C3. . . C, are the individual velocities of n' molecules 
in a gas. 7 

Tt follows from kinetic theory that these velocities are related by 
the equations: 


V=0,921 U . , 
and C-àU $ 
On substituting the values of v=, ar , we get 


3RT 8RT 
v=o921 a A. 22. (2:48) 


2RT 
C=al M .. (2.49) 
and C:V:U-1:1.128 : 1.124. 


The marked effect of temperature in increasing the probability of 
molecules having high velocities Or bigis energies is due to 
- MC 


the presence of the exponential factor e 2RT in the Maxwell- 

Boltzmann distribution equation. Since the quantity $C? is the 

kinetic energy. E of a gas/mole having the velocity C, therefore, ex- 
E 

ponential factor, called Boltzmann factor can be written as e RT eè 

Since the temperature T is present in the denominator of the nega- 
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tive exponent, this factor will, therefore, remarkably increase with 
temperature. The greater the temperature, greater is the value of E. 
Hence, Boltzmann factor rapidly increases with temperature. 


Experimental Verification of the Distribution Law 

(i) Stern’s Method. This method was first introduced by Stern 
for the experimental verification of the Distribution Law. The appa- 
ratus employed for the purpose consists of a framework as shown in 
Fig. 2.5. It contains two pairs of slits S; and S2 and there is a 
platinum filament F coated with silver deposits at the centre. When 
this is heated electrically, silver atoms evaporate off and those that 
are able to pass through the slits are deposited on the plates PP. The 
path of such atoms is along the line PFP. The apparatus is enclosed 
in an evacuated vessel in order to minimise the collisions between 
silver atoms. When the whole apparatus is stationary, the silver 
atoms travel along the line PFP and form a deposit at P. When the 
framework is rotated rapidly about a vertical axis through F, as 
shown by the arrows, the direction of movement of the silver atoms 
is not affected but in the time taken for them to travel from F to P, 


$2 8, $ $* 


Fig. 2.5. Stern's method. 


the latter has moved as a result of the rotation of framework and the 
apparent path of the atoms is shown by the broken line. Since all 
the atoms do not have the same speed, the silver deposit is actually 
spread out in a narrow bond on the plate P instead of being a fine 
line. The most intense portion is produced by atoms having approxi- 
mately the average or more exactly, the most probable velocity, thus 
verifying Maxwell distribution law of velocity. 


(ii) Lammert's Velocity Filter Method, In this method, two 
toothed discs are mounted at a definite distance apart on a common 
axle and a beam of molecules, e.g., H2, N2, or CCl, is arranged as 
shown in Fig. 2.6. The molecules generated from the source S are 
passed through a series of slits to get a sharp beam, When the two 
discs are stationary, the beam passes through the gaps between the 
teeth on to a radiometer, the deflection of the latter giving a measure 
of the number of molecules striking it. The discs are then set in 
rotation. A molecule passing through a gap in the first will pass 
through a gap in the second only if the time required to travel the 
distance between the discs is equal to am integral multiple of the 
time necessary for tbe discs to rotate from one gap to the next. From 


J 


GASEOUS STATE 25 


a knowledge of the speeds of the discs, therefore, the velocity of the 
molecules passing through can be determined and the number poss- 


Radiometer 


ü 


Fig, 2.6, Lammerts’ velocity filter methode 


essing this velccity is given by the deflection of the radiometer.. By 
changing the velocity of the rotation of the wheels, molecules having 
different speeds are measured by the radiometer. It is then possible 
to obtain a velocity distribution curve. 


2.9. THE MEAN FREE PATH OF GAS MOLECULES 


It was pointed out in kinetic.theory of gases that molecules of a gas 
are always in motion and are colliding with each other. The mole- 
cules travel in straight line with constant 
speed until on collision with other mole- 
cules, the direction of motion is changed. 
Thus the path traversed by the molecule 
is zigzag as shown in Fig. 2.7. The dis- 
tance that a molecule moves through be- 
fore colliding with another molecule is 
known as the free path and the average 
distance traversed by a molecule between NIS 
two successive collisions is referred to as 
the'mean free path, A. 
Ru the total path travelled in Z collisions EST R 
is;5, then s Poea, £ 


Rmo 


Z 
. The mean free path depends on both the molecular size and the 
number of molecules because if the molecule is larger in size the 
number of collisions will be more and mean free path will be shorter. 
Similarly, larger the number of molecules, smaller is the mean free 
path. 
An expression for the mean free path can be easily deduced from 
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a knowledge of the number of molecules present in a given volume 
and molecular diameter (frequently known as collision diameter). 

When a molecule approaches an- 

other molecule, a stage comes at 

which the two start repelling each 

other. The distance between the 

centres of two molecules when they 

have got the closest approach is 

+ known as the collision diameter (oc). 

i : Calculation of A. To simplify 

S ree ` the calculations it is Beanies that 

i " (i) the molecules are rigid, impene- 

MM trable spheres and the sphere of 

*. influence of the molecules has a 

Fig. 2.8, diameter c. This means that a 

molecule can collide only with 

those molecules, the centres of which lie at a distance o or less, and 

(i) only the molecule under consideration is in motion and all 

others are stationary. Consider a cylinder of radius c and length C 

and let C be the velocity of the molecule. Then in one second it 

will collide with all the molecules the centres of which lie within 

this cylinder. 


v 


* 
Fig. 2.9. Calculation of mean free path. 
The volume of the cylinder=xo2C «+» (2.50) 
Let the number of molecules/c.c. be n’. Then the total number of 
molecules in the cylinder=xo?Cn' pe (2351) 


This is also the number of collisions/second (Z) experienced by 
the molecule. : 


As the distance, S, traversed by the molecule in one second. is its 
velocity C, the mean free path is given by: 


S C 1 
NZ ean T wk ae 


_This equation connects the mean free path with the molecular 
diameter and the number of molecules per unit volume and was 
deduced by Clausius. 


In the deduction of equation (2.52) it was assumed that only one 
molecule is moving and that all other molecules are stationary. But 
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actually this is not the true picture of a gas because all the molecules 
are moving in a random manner. Maxwell, utilising his law of 
distribution of velocities, showed that average speed of the mole- 
cules turns out to be y2C and give the following more correct 


expression for A. 
1 
err ci fe (2003). 
From equation (2.53) it is evident that the mean free path is 


inversely proportional to the square root of the molecular diameter. 
Hence smaller is the size of the molecules, the larger will be the 


mean free path. 
, Frequency of collisions, The number of collisions per second 
is known as collision frequency. 
Since the number of collisions (Z) that a molecule will experience 
per second with the other molecules is given by: 
Z— V2 no?Cn' ... (2.54) 
Therefore, considering similar motion of all the molecules the 
total number of collisions per second of all the n’ molecules/c.c., 
Zu must be n’ times this quantity, i.e., 
Zu y 2no*C(n'?? 214:(2:55) 
But since each collision involves two molecules, therefore, the 


number of molecular collisions/c.c./sec. Ze should be one half this: 
number so that each collision is not counted twice. Therefore, 


Ze= CE no?C(n') «+. (2.56) 


If value of C= 4 id issubstituted into equation (2.56), we 


get: 


EDDIE 
3 nv" zM à 


ot EA | UT 2. Q5) 


All the symbols have the same significance as already discussed. 


Problem 2.9. Calculate the number of collisions per second per cubic centi- 
metre at 0°C in hydrogen gas at a pressure of 1.0 atmosphere. The molecular 


diameter o for hydrogen is 2.76X 1075 cm. 
Solution. Since the number of molecules per c.c, is given by 


Are ee ERU 2d 
n'—Nn-N -py 


N=6.023X10* molecules/mole 
P=1 atm, V=0,0010 litre 


Here 
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R=0.0821 litre atm/deg/mole 


and 2 T=273 K. 
„a (6023x109) X1X0.0010 
Therefore, m T QOEIX2S —— 
=2,68X 10? molecules, 


' The number of collisions per second per cm. Ze is given by 


„RT 
Ze=20%n'? 2) TM. 


Substituting the various values: 


LLL 
3.14X8.31 x 10x 273 
Ze=2X (2.76 10-*)2(2.68 5X 101*)* qe 


—:2.06X10?? collisions/sec. 
2.10. VISCOSITY 


This is a property common to both gases and liquids (i.e., fluids) 
and is a measure of the frictional resistance that a layer of fluid in 


motion offers to another. Viscosity is produced by the shearing effect 
_ of one layer of the fluid moving past another. 


Difference in Origin of Viscosity of a Liquid and a Gas 


(a) Liquids. In case of liquids, there are strong attractive cohe- 

| sive forces between the different molecules. Now, when a layer is 

moving faster than the other, then due to strong attractive forces, 
there is slowing down of the faster layer or viscous drag is there. 


. (b) Gases. In case of gases, viscosity arises by the jumps of mole- 
cules from one layer to the other layer, i.e., transfer of momentum 
from molecules in one layer to molecules in the other is responsible 
for viscosity in case of gases. Molecules from faster layer transfer 
the momentum to molecules of slower layer and try to increase its 
momentum and vice-versa from slow to faster layer, decrease in the 
momentum resulting in the formation of a viscous drag. 


Relationship between the Mean Free Path and the Viscosity 
of Gases 


The viscosity of gases, which can be accurately determined experi- 
mentally, offers a reliable means of estimating the mean free path, 
as an expression for the viscosity of a gas in terms of the mean free- 
path of its molecules can be deduced on the basis of kinetic theory 
as follows: 


Consider a gas having a laminar flow in the X-direction with a 
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velocity V. The velocity in contact with the surface is zero but 
increases with increasing 
distance in the Y-direction. 
Let dy|dy be the velocity 
gradient which means that 
the flow rate increases by 
an amount dy for every 
increase of distance dy in 
the Y-direction. See Fig. 
2.10. 

Asa result of continual 
jump of molecules from 
one layer to the other, 
there is a transfer of mo- 
mentum. Thus if mole- 
cules at P which is a. slow 
moving layer jumps to 
Q—a faster moving layer, 
it will result in the decre- E 
ase of momentum and Fig. 2.10. Viscosity of gases. 
correspondingly the velo- 
city of the molecules in the layer at Q will be decreased. On the 
other hand, the jump of molecules from Q to P will result in the 
greater transport of momentum. and thus the momentum and ve- 
locity of molecules at P will be increased. k 

In order to simplify the calculations, it is assumed that a mole- 
cule experiences a collision only after traversing a distance equal to 
the mean free path, à. In other words,itcan be said that transfer 
of momentum takes place only after the molecule has traversed 
an average distance, À. Since a is the velocity gradient, ^ ae will 
be the difference in velocity between the two ends of the free path. 

If one square centimetre of the area on both the planes is consi- 
dered and it is assumed that a molecule travels in this area, the 
excess momentum transported to P layer due to a jump of molecule 


from Q to P is: 4 
y 
=m (r+ w )-mr 


inm dv 
-—mA T . . « (2.58) 


where m is the mass of the molecule. ; 

Because of thermal agitation, molecules are moving in all the 
possible directions. The number of molecules can be divided into 
three parts parallel to the three coordinate axes. Therefore 1 [6 of the 


molecules will move parallel to any one xis in a particular 


direction. 
TEn’ be the number of molecules per c.c. having an average velo- 


city C, the number of molecules striking per square centimetre per 


307-7 ES A TEXTBOOK OF PHYSICAL CHEMISTRY 


second upwards or downwards is: 
' 
4 nc 


a 6 
- Therefore, net transfer of momentum/sec.=1/6 mn’ Cà (4 y 


- Hence the total change in momentum/cm?/sec. 
da xe (e Vet don eode 
=} mn'CÀ (#)-[- gn CÀ ( "s Jl 
j dy 1 
c bene. 
=} mn’ Cr d ey (2.99) 


From the definition of viscosity, this change in momentum is 
equal to the frictional force (f) which is given by: 


fe^ (+) 2. (2.60) 


(since area of container=1 cm?) 
Equating the equations (2.59) and (2.60), we get 


(£)9 e (&) 


or i n=} mn’ CA Y 229261) 
But mn' =p, the density of the gas. 
Therefore, n=} p CA ale 202) 


Equation (2.62) suggests that the measurement of viscosity makes 
it possible to calculate the value of the mean free path from a know- 
ledge of the density and velocity of the gas. 

_ Again, substituting the value of À from equation (2.53) into equa- 
tion (2.61), we get: 


a d piu anc murs 
seb prc V 2nn'o? 
mC 
—34229 P2(2:63) 
Equation (2.61) can also be written in an other form as follows: 
Since n'enN 
where n is the number of moles and N, th 
Nxm=mM, the molecular weight of the vss ANM Se ia 
Hence, 5 n= 3nMCr ... (2.64) 


Y _ | 8RT ES 1 
Further, since cl M and Ac Nee 
equation (2.64) becomes: f E 


e 8RT 1 
"i ma EE. mnNo2 n 
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iuc 4 MRT 
= 3nNo? n 


Equation (2.65) indicates that the viscosity of a gas is independent 
of its density. It follows from the reason that at higher density,” 


+ + (2:65) 


number of molecules/c.c. are more and thus, À, the mean “free path, 


is small and transfer of momentum occurs OVer a small length. If, 
on the other hand, the number of molecule is small, A is large and 
the transfer of momentum takes place over a larger length. Thus the 
number of molecules and mean free path compensate for each other 
and hence the viscosity is independent of density. 

Another conclusion that follows from equation (2.65) is that the 
viscosity of a gas is directly proportional to the square root of tem- 
perature. . 

Problem 2.10. The viscosity of hydrogen gas at 0°C is 8.41x10-5 poise; 
determine the mean free path cf the molecule at this temperature and 1 atmos- 
pheric pressure. 3 

Solution. 

n=4pCr 

If » is in poise and the density, p, in grams, C must be cm/sec, 

To determine p, since at 0°C and 1 atm., 2.0 grams (1 mole) of hydrogen 
occupy volume 22,400 c.c.» therefore 

2,0 
722,400 


i 8. 
Again, c= af ERI 
8x8.31Xx 10x 273 
3.14x2.0 
721.70x 10* cm/sec. 
Substituting the values of ^, e and C in the above equation we get 


8.41 X107F=21/3X 8.9% 1075€ 1.70» 10* Xd 
2=1.67% 107* cm. 


28.9x1075 gram/c.c. 


or 


241. DEGREES OF FREEDOM AND THEIR APPLICATION 
TO EQUIPARTITION OF ENERGY 


The number of degrees of freedom of an object is the number of. 
independent quantities which are necessary to specify in order to 
describe completely its state or position. For example, in order to 
define the position ofa particle which is free to move in space, all 
the three axes X, Y and Z of the Cartesian coordinates must be 
completely known and the particle is said to have three degrees of 
isthe minimum number of coordinates to define a 


freedom. Three is the. i 
particle in space. Similarly, the number of coordinates required to 


. specify two particles in space are six. If we consider a molecule 
== consisting of N atoms, it will have 3N degrees of freedom. But, each 
atom in a molecule is not capable of moving independently of the 
“other and the molecule executes translational motion as a whole; 
therefore, translation of the whole molecule can be described in 
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terms of motion of the centre of mass of its constituent atoms. Centre 
of mass can be considered to be a point in the molecule where the 
whole mass is concentrated. Now, since three coordinates are essen- 
tial to define the position of the centre of mass, the number of 
coordinates required to completely define a molecule comprising of 
atoms is réduced by three. The remaining (3N—3) degrees of free- 
dom correspond to other modes of motion namely, vibrational and 
rotational. These motions are known as internal degrees of freedom 
and are possessed only by diatomic and polyatomic molecules and 
not by monoatomic molecules. 

The energies possessed by each mode of motion are similar in 
mathematical form and are expressed as follows: 


Translation Kinetic Energy, 


: (E)trans=4 mv? «+» (2.66) 
Rotational Kiretic Energy, 

(E) kW? .«. (2.67) 
Vibrational Kinetic Energy, 

(E)us—kinV? ... (2.68) 


In equations (2.66), (2.67) and (2.68), m is the mass of the 
molecule, vx is its velocity in x-direction, /. the moment of inertia 
chosen about the axis of rotation, Wx, the angular velocity in x 
direction, w, the reduced mass of the diatomic molecule defined by 

mmz 
mı+ mı 
velocity of the atoms. Y 

Vibrational potential energy, (P.E.),s is defined by: 

(P.E.),5—- |k3? «s (2.69) 
where xrepresents the distance of atoms from their equilibrium 
positions and k is the force constant of the bond. 


(mı and m are the masses of atoms) and V, the vibrational 


2.12, LAW OF EQUIPARTITION OF ENERGY ACCORDING 
TO THE DEGREES OF FREEDOM 


It can be shown that the average value of all the energy terms stated 
above for large number of molecules is same and depends only on 
temperature. Thetotal energy possessed by molecules ofa gas in 
thermalequilibrium càn be distributed equally into translational 
kinetic energy, rotational kinetic energy, vibrational kinetic energy 
and vibrational potential energy. This follows from the law of 
equipartition of energy. 

In order to find out the magnitude of the energy possessed by each 
type of energy, consider the simplest case of translational motion. 


by: 
U?—U,24- U+ U2, 
: Multiplying both sides of this equation by 4m and arranging the 


Since the velocity in space is related to the component velocities . 


 Misixdümss titan 
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squared velocities, we get: 
imU2—iàmUg--AmUy J-3mU2 «++ (2.70) 
But mU? is the total kinetic energy (E)r of the gas molecules 
and the terms on the right hand side of equation (2.70) are the 
average kinetic energies of the molecules resulting from their motion 
in the x, y and z velocity components and are represented by (K.E.);, 
(K.E.), and (K.E.), respectively. 
Therefore, equation (2.70) is written as: 
(E)r—(K.E.),-4-(K.E.),4-(K.E.); do RO 
But since (E)r —$KT and the velocities in the three directions are 
equally probable, therefore, each energy term in the particular com- 
ponent will contribute equally to the total energy. Thus, by the 
principle of equipartition of energy, 


(K.E),—-(K.E.), —(K.E.). Bl CIE) 
and (K.E.), —1«T, (K.E.)y=4kT and 
(K.E.),—ikT 12: (0713) 


In other words, the average kinetic energy possessed by the mole- 
cules in each component is à kT per molecule or à RT per mole. 

This conclusion is also a direct consequence of Boltzmann- 
Distribution Law. 

Similarly, it can be shown that average kinetic energy in vibra- 
tional and rotational motion is same and contributes 4 kT to the 
total energy of the molecules. 


243. THE SPECIFIC HEATS OF GASES 


The specific heat (C) of any substance is defined as the amount of 
heatin calories required to raise the temperature of one gram of 
the substance through 1?C. Since in most of the chemical calcula- 
tions, the quantity considered is 1 mole, the heat capacity is, there- 
fore, referred to as molar heat capacity or as molecular heat. Thus, 
molecular heat of a substance is the amount of heat required to 
raise the temperature of a mole of substance by 1°C and is equal to 
the heat capacity per gram multiplied by the molecular weight of 
the substance i.e., 

Molar heat capacity Molecular weight x specific heat. 

All the substances, particularly gases, have two types of specific 
heats—one measured at constant volume and the other at constant 
pressure. If the temperature ofa gas is raised at constant volume, 
the addition of heat will simply increase the internal energy of the 
gas which is due to the increased kinetic energy of motion of the 
molecules and no work will be done. This type of heat capacity is 
known as the specific heat at constant. volume, C,. But if a gas is 
heated at constant pressure, the energy supplied not only increases 
the internal energy of the gas molecules but also performs some 
work in the expansion of the gas against the constant external pres- 
sure. Heat capacity in this case is referred to as the specific heat at 
constant pressure, C». Thus, C; is always greater than C, for any gas 
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by the amount of extra heat energy necessary to perform the work of 
expansion when the temperature'of the gas is raised by 1°C. For 
solids and liquids, the difference. between the two heat capacities is 
very small and negligible because the effect of heat on volume is 
very small. But in the case of gases, effect of heat on volume is very 
high. Hence, the.difference between the two values of heat capacity 
is very significant in case of gases. 

Application of Kinetic Theory to Specific Heats of Gases. 
Itis supposed that the molecules of a gas possess only one kind of 
vnergy, namely, translational energy. As showed earlier, average 
kinetic energy of translational motion (Ex) of one mole of any ideal 
gas is 3/2 RT. 

E, is the internal energy of the gas at temperature T. If the tem- 
perature is raised by 1°C from T to 7--1, the internal energy be- 
comes $.R (T+1) and the change in internal energy AE, for an 
increase of temperature of 1°C is given by: 

AE-$ R(T+1) —3RT t 
SER ++» (2.74) 

This change in internal energy is equal to the heat capacity per 
mole at constant volume, C,, because the heat supplied to 1 mole of 
gas at constant volume has been used up entirely to raise the trans- 
lational kinetic energy for 1°C rise in temperature without involving 
any work. $ 

Therefore, C,=3/2 R 

Since the value of R in calories is 1.987 cal. deg"! mole"! 

"Therefore, Cy=3/2 X 1.987=2.98 cal. deg-! mole! Y 2-18) 

Thus, from Kinetic Theory, the molar heat capacity of a gas at 
constant volume is 2.98 cal. deg-! mole^!. 

Now suppose one mole of the gas is heated at constant pressure 
ina cylinder fitted with a weightless and frictionless piston. The 
heat supplied will not only increase 
the translational kinetic energy, as 
in the case of heating at constant 
volume, but will also do external 
work, W, through the expansion it 
undergoes. The work done W is 
given by: 

W=PAV, where AV is the ‘in- 
crease in volume due to expansion 
against the external constant pres- 


Fig. 2.11. Heat capacity sure P when the temperature of one 
at constant pressure. mole of gas is raised by 1°C, 
Therefore, C,=C,+W 
=C,+PAV cal deg™! mole! +e (2.76) 


But for one mole of an ideal gas, PAV=RAT were AT is the 
rise in temperature. In this case, as the temperature of the gas has 
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been raised by 1°C; therefore AT=1. Hence, PAV=R and equa- 
tion (2.76) becomes: 
Cp=C,-+R cal deg! mole^! «vs (219 T) 
Thus C, is greater than C, by R. 
Again since C,=3/2R. 
Therefore, Cp==3/2R+R=5/2R 
=5/2 x 1.987=4.97 cal deg! mole!  ...(2.78) 


From the above discussion, the following two results are arrived 
at: 4 

(i) The difference between the two heat capacities per mole 
should be R i.e., Cp—C,=R=1.987 cal deg"! rhole^! NATA) 
and (ii) the ratio of the two heat capacities per mole, C,/C,, com- 
monly represented by v, should be constant equal to $ ie., 


Grae RI 21 
1 ag Ti 71661 |.. @-80) 


It can be seen from the table that only the simple monoatomic 
gases, such as rare gases, give the values of C; and C, as predicted 
from the Kinetic Theory of gases. On the other hand diatomic gases 
and all the other gases give larger values than predicted from the 
Kinetic Theory. But for most of the gases, the difference (C;—C,) 
is approximately equal to 2 cal mole! deg^!, However, the ratio, Y, 
goes on decreasing with the complexity of the molecules. E 


TABLE 2.1 


Molar heat capacities for several gases at 15°C 
(cal deg-! mole*1) 


Gas Formula Cp Cy Cp—Cy y 
Helium He 4.99 3.00 1.99 1.66 
Argon Ar 5.00 3.01 1.99 1.66 
Hydrogen Hs 6.83 4.84 1.99 1:41 
Oxygen O5 y 6.96 4.97 1.99 1.40 
Chlorine Cle 8.15 6.02 2.13 1.35 
Carbon- 

monoxide co 6.94 4.95 1.99 1,40 
Carbon- 

dioxide CO: 8.75 6.71 2.04 1.30 
Sulphur- 

dioxide SO: 9.71 7.53 2.18 1.29 
Ethylene C.H; 10.07 8.01 2.06 1.26 
Ethane CH, 11.60 9.51 2.09 1.22 


The usual explanation for the larger values of C, and C, is based 
upon the law of equipartition of energy which has been explained 
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earlier. Since, only in the case of monoatomic gases, the molecules 
will have kinetic energy of translational motion, therefore, the ex- 
perimental values of C; and C, agree with the theoretical values. But 

. if the gas is diatomic; the molecules, in addition to kinetic energy 
of translational motion, will have kinetic energy due to vibrational 
motion and rotational motion. Thus the values of C, and C, are 
larger than the predicted values for diatomic gases. Similar argu- 
ments hold for more complex molecules. For the same reason, the 
ratio of C, and C, values for polyatomic molecules goes on decreas- 
ing with increasing complexity of the molecules. 


5/2R-+E 
3DREE «1.667 
where E is the energy.ass2ciated with rotational motion and vibra- 
tional motion. 


Calculation of Heat Capacities. Consider a monoatomic gas. 
It has only translational motion. The total energy is given by 


(E)r-8 RT 
and therefore, molar heat capacity at constant volume, for an in- 
créase in temperature of one degree. 
G=3/2R. 
—2.98 cal/mole K. 

For a diatomic gas or a linear polyatomic molecule, in addition to 
three translational degrees of freedom, there are two rotational 
motion and (3N—5) vibrational degrees of freedom. Again, since 
average energy for each translational and rotational motion is à KT 
and for each vibrational motion is kT (3 kT for the kinetic energy 
7-3 KT for the potential energy). 

-. The total average internal energy for one mole of a diatomic 
gas, say O2 where N—2 is given by 

(E)r Ep, d- Eror + Eve 
=$RT+2(¢RT)+RT 
=i RT 
and C,= R=6.93 cal/mole K. 
d artery it can be shown for a linear tridtomic molecule such as 
25 


C,—10.95 cal/mole K and for a bent (non-linear) triatomic mole- 
cule such as SO2, 


Therefore, y=C,/G= 


C,—11.92 cal/mole K. 

The theoretical values of C, as determined above are found to be 
higher than the experimental values at 25°C. The reason lies in the 
fact that at low temperatures, contribution of the vibrational energy 
to the total energy is not very significant. Thus, if the vibrational 
energy is subtracted from the total energy at low temperatures, 
this discrepancy can bé removed. As the temperature increases, th e 


— 
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contribution due to vibrational energy becomes appreciable and the 
theoretical values approach experimental values. 

The variation of C, with temperature is contradictory to the simple 
Kinetic Theory of gases according to which the heat capacity ofa 
gas does not vary with temperature. This is due to the various built- 
in limitations in the Kinetic Theory which is based on the classical 
Newtonian mechanics. The quantum mechanical approach, how- 
ever, provides an explanation for this. 


214. THE BAROMETRIC FORMULA (VERTICAL DISTRI- 
BUTION) 


So far in the discussion of behaviour of ideal gases, it has been 
assumed that molecules of a gas exert same pressure everywhere in 
the container and the effect of gravity on the motion of molecules 
has been considered to be negligibly small. But actually it is not th 
case, particularly for gases of higher density. i 

It is an established fact that the density of the air goes on 
decreasing with increasing height i.e., higher the level, lower is the 
pressure. 

To understand it, consider a cylinder placed in a vertical position 
containing a gas, the molecules of 
which are subjected to a gravitational 
force, the only external force acting 
downward. The temperature of the 
gas is kept constant. 

In order to find out the pressure of 
the gas in the column at any height, it 
is necessary to determine the total 
weight of the gas in the column above 
that height. Now, since weight isa 
force, therefore, force per unit area 
gives the pressure. 

Consider a tbin layer of gas of Fig. 2.12. Column of a 
thickness dz and cross-sectional area gas in a gravity field. 

1 cm? at a height Z. 

Let p be the pressure at a height Z and (p—dp)the pressure at a 
height (Z--dz). The negative sign indicates that as the height in- 
creases, the pressure decreases. 

Weight of the layer acting downward 

—mass X acceleration due to gravity 
—dzXlxexg ++. (2,81) 
(since mass=volume x density and volume=dz x 1) 
where p is the density of the gas. 


If 


ween the two heights of the layer is 


—dp . l i j 
d is the pressure gradient, the difference in pressure bet- 
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—di —di 
=—® zrag- z( Z) 
=—dp tes (2:82) 
This difference is equal to the weight of the layer between these 
two heights, the cross-sectional area of which is 1 cm2. 
Thus —dp=pgdz 22: (2.83) 
This equation indicates that the change in pressure is directly pro- 
portional to the density of the gas and the negative sign explains 
that the pressure decreases as the height increases. 
If the gas is ideal, its density (p) is determined as follows: 


Since p=M/V where M is molecular weight of the gas and V is the 
volume, 


and y= a (Ideal gas equation, p — RT) 
-M 
Hence e= RT 
Therefore, equation (2.83) becomes: 
_ Mg 
— Der pdz 
—dp Mg 
T DNE RD «=» (2.84) 


Integrating this equation between the limits p—p at height Z and 
P=po at Z=0 (ground level), we get 


p-p Z=Z 
—dp _ Mg | 
| T0 REUN A 
P=Po Z= 
p2 _ Msz 
B RT 
MgZ 
or p=poe ^T 23190185) 


Since the density is proportional to pressure and the number of 
particles per cubic centimetre is also proportional to the pressure, 
equation (2.85) can also be written in the two other forms: 


MeZ 
p=poe RF ... (2.86) 
_ MeZ 
and n=noe ^T SEQ 87) 


where p and go are the densities and n and mo are the number of 
particles per cubic centimetre at height Z and at ground level 
CZ—0): à 


Any of the equations (2.85), (2.86) or (2.87) is an expression of 
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the Barometric distribution law or the gravitational distribution law 
as it explains the distribution of the gas in a column extending up- 
ward into the atmosphere. 
Deduction of Boltzmann Distribution Law, This can be easily 
done from equation (2.87) as given below: 
Since gravitational potential energy per mole at a height Z is given 
by E,—MgZ. 
Therefore, equation (2.87) becomes: 
Ep 
n=ne RT .. » (2,88) 
In the potential energy of the individual molecule, say €, is consi- 
dered, then 7 


n=n e IT ... (2.89) 
Where k is a constant per molecule and is known as the Boltzmann 
constant. 

Equation (2.89) is a special case of the general law deduced by 
Boltzmann in 1886. With the help of this equation, it is possible 
to find the number of molecules (n) in any state in terms of potential 
energy of that state. Thus if m, is the number of particles in any 
state where potential energy is €x, then: 

Sx 
n,—noe "T 

The energy will be different for different states. But there are some 
special cases where several different states may have the same energy. 
If gx states have the same energy €x, the number of molecules with 
energy €x is given by: 

€x. 
ne=gynoe "T 
gx is known as the degeneracy of the level with energy €x. 


Boltzmann relation can also be expressed as a fraction out of the 
total number of molecules in a gas having energy €x. 
Since the total number of molecules is given by 
sx 
n'—Yn,—nXg.e "T 


the required fraction is 


Ex 
nx Exo e kT 
necs NL 

nolg. e kT 
ex 
tg ge 
ni €x 
ELO 


Xgxe 
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n m me <. = (2.90) 


where the quantity f is called the partition function or sum over 
states. 

Problem 2.11. Calculate the weight of air in a column of 1 cm? in area and 
arising from sea level to an altitude of 1.510% cm (about 10 miles), allowing for 
the barometric decrease in pressure. Assume air to be a uniform gas of molecular 
weight 29 and a uniform temperature of 0°C. The atmospheric pressure is equal 
to the total weight of gas in a column of unit area and of infinite height. 


Solution. The pressure at this altitude is given by the barometric equation as: 


—MegZ 
Los P[pv 3395 RT 


Substituting the various values: 


429X981 x1.5x105 
7L30X330x10X23. 


or p=0.152 atm. 
Again 1 atm.=760 mm Hg- 1 X10* dynes/cm?. 


Since the weight of the full column of air extending down to sea level is 10* 
goarn, the weight extending down only to the given altitude will be 0.150 x106 
ynes/cm?. 


D 
Log T = 


2.15, REAL GASES 


Deviations from ideal behaviour. A gas is said to be an ideal 
gas if it obeys the various gas laws, expressed in the form of equation 
PV=nRT. On studying the actual behaviour of various gases, it is 
found that very few gases obey the ideal gas equation only at low 
pressures and high temperatures. However, at high pressures and 
low temperatures, marked deviations from the ideal behaviour have 
been observed. To illustrate how much a gas deviates from ideal gas 
behaviour, consider the expression PV=nRT. At constant tem- 
perature, this equation reduces to PV —constant, which is Boyle's 
Law. In words, the product of pressure and volume for a definite 

- quantity of various gases at constant temperature should remain 
constant at all pressures. 


Figure 2.13 shows a plot of PV versus P for various gases at 0°C. 
For an ideal gas, the plot should be a straight line parallel to the 
abscissa. Such a plot is indicated by the dotted line. It is obvious 
from the various plots that all gases deviate considerably from the 
ideal gas behaviour and the product PV does not remain constant 
with increasing pressure. Only in the limit of zero pressure, all gases 
are behaving ideally. 


A close examination of the Fig. 2.13 reveals the fact that all the 
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curves can be classified into two types: 


Py——. 
(Litre Atm.deg;' molez!) 
N 
eo 


| 
ee TIER. AI d | 
o 200 400 600 800 1000 
P (Atmosphere) ——> 


Fig. 2.13. PV vs P plot for various gases at 0°C. 


Type One. Here the curve starts ascending at once from the value 
of PV and the value of PV increases continually with increasing 
pressure. This type of curve is obtained for various gases having 
smaller molecules, e.g., H2, He, etc. f 

Type Two. Here the curve starts again at the value of PV, shows. 
a decrease in PV in the beginning, passes through a minimum and 
then begins to increase with increasing pressure. This type of curve 
is generally obtained for gases having larger molecules, e.g., Oo, 
CO» etc. 

To show both the deviations more clearly, a quantity, called com~ 
pressibility factor (Z) is employed which is defined as: 


PV 
ZRT. 
where V is the volume occupied by one mole of the gas at a given 
temperature T and pressure P. 
For an ideal gas, Z=1 and is independent of pressure and tem- 
perature. 


For real gases, Z is a function of both temperature and pressure 
and its value varies. The amount by which the actual factor differs. 
from a value of unity gives a measure of deviation from the ideal 


behaviour. 
Again, since (PV)ideai=RT 


BV ae PE 
Theref: ‘LRT (PV) 
herefore, Z RT” (PV)ideat 


Hence compressibility factor is an index of deviation from ideality. 

Figure 2.14 shows a plot of Z versus P for some gases at 0°C. For 
Ho, the value of Z continually increases but for N2, CH4 and CO», 
Z first decreases and then increases quite rapidly with increasing: 
pressure. 
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It has been found that for those gases which can easily be 
liquefied, Z decreases sharply below the value of unity at low 


o 100 
P (Atmosphere) —» 


Fig, 2.14. Z versus P curves for various 
gases at 0°C, 


pressure. Since carbon dioxide 
is a gas which can be more 
easily liquefied than nitrogen 
and methane, therefore, the dip 
in the value of Z is much more 
pronounced in carbon dioxide 
and persists over a range of 
pressures. But as hydrogen gas 
cannot be easily liquefied, its 
curve does not show any dip 
in the value of Z with increas- 
ing pressure. 

If a plot of Z versus P is 
constructed for a gas at several 
temperatures, it is found that 
as the temperature decreases, 
the dip in the curve is more 
pronounced. 


Figure 2.15 shows various curves of Z versus P for nitrogen at 
various temperatures. All the curves start with Z=1 at P=0 and 


value of Z varies from 


unity as pressure in- 24 
creases in a manner 
dependent on tempe- 2.2 
rature, As the tem- i 
perature increases, the 2.0 
minimum in the curve 

becomes smaller and 18 
Shifts towards lower 
pressures. However, | 16 
a temperature is rea- 2 
ched at which Z re- 14 
mains close to unity 

Over an appreciable 12 
range of pressures. In 

this case, this tempera- MP 
ture is 50*C. The tem- 
perature at which this 0.8 
takes place is called 


the Boyle temperature 0.6 
or Boyle point and is 
characteristic for the 
gas. For every gas 
when the temperature 
js below the Boyle 
temperature, the value 


400 


600 800 1000 


P (Atmosphere) ——> 


Fig. 2.15. Compressibility factors for nitrogen at 
various temperatures, 


of Z will first decrease with increasing pressure, pass through a 
minimum and then increase continuously. But if the gas is above 
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the Boyle point, Z increases sharply with increasing pressure and the 
values of Z are higher than unity. 

Similarly deviations from Gay-Lussac’s Law and Avogadro’s Law 
are also observed. d 

Thus taking into consideration all the above discussion, it can be 
said that when the pressure is very small (1 atm or less) and tem- 
perature is high, the deviations from ideal gas laws are very small 
and the ideal gas equation may be used. In other words, a gas be- 
haves ideally at lower pressures and high temperatures. 

Problem 2.12. The compressibility factor Z=PV/nRT for Nz at —50°C and 
800 atm pressure is 1.95; and at 100°C and 200 atm, it is 1.10. A certain mass of 


nitrogen occupied a volume of 1.00 litre at —50°C and 800 atm. Calculate the 
volume occupied by the same quantity of nitrogen at 100°C and 200 atm. 


Solution. = E at temperature T,, volume V, and pressure P, 
Similarly, Z X at temperature Tz, volume V; and pressure Ps 
mA 
ATZ, RT:Z, 


_ 800X1.00X1.10X 373.2 
dio 200xX1.95x223.2 


=3.77 litres, 
2.16. CAUSES OF DEVIATIONS 


It has been shown that gases do not obey the various gas laws and 
exhibit remarkable deviation from ideality particularly at low tem- 
peratures and high pressures. The reason for deviation lies in the 
fact that in the discussion of Kinetic Theory of gases, it was assum- 
ed that the volume occupied by the gas molecules is negligibly small 
as compared to the total volume of the gas and molecules do not 
exert any force of attraction on each other. But in reality, both 
these assumptions are wrong as proved below. 

“Molecules of the gas do occupy some volume” can be established 
from the fact that the molecules have collision diameter which can 
be possible only if the molecules have a finite volume. 

Further, when the temperature of the gas is decreased and pressure 
is increased, a stage is reached where the molecules of the gas are 
so close that the liquefaction and finally the solidification of the gas 
takes place. Solid cannot be further compressed. This confirms that 
molecules of the gas occupy some volume. Again, liquefaction of 
the gas is possible only if there are forces of attraction between the 
molecules. Although these forces are much larger in liquids but 
nevertheless they are not negligible in gases. This is also confirmed 
by the Joule-Thomson effect according to which when a gas at 
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constant pressure is passed through a porous plug, it suffers a de- 
crease in temperature and hence in kinetic energy. 


Thus these two assumptions must be modified before they are 
applicable to real gases. 


2.17. MODIFICATION OF THE IDEAL GAS EQUATION 


The van der Waals Equation, The first attempt to incorporate 
the finite volume of the molecules of the gases and attractive forces 
between them into ideal gas equation was made by van der Waals. 
in the year 1873. He made an allowance for both factors and gave 
an equation known after his name. 


Correction for the finite volume of the molecules. Since the 
molecules of the gas occupy some volume, therefore, space in which 
the molecules can move is less than the total volume of the gas by 
an amount equal to the finite volume of the molecules. Thus, the 
volume occupied by the molecules should be subtracted from the 
total volume of the gas in order to get the ideal volume. 


If b is the volume occupied by molecules in one mole of a gas, 
then the volume occupied by n moles of the gas molecules is nb. 
This is known as the excluded volume. Hence the ideal volume, Vr, 
is given by Vi=(V—nb) ... (2.91) 


The factor b is not equal to the actual volume of the molecules. 
but it is four time equal to the actual volume of the molecules. This 


can easily be shown by consi- 
dering two molecules approa- 
ching each other. If c is the 
diameter of each molecule, the 
molecules cannot approach 
more closely than the distance 


47777 KExcluded volume 
z ^` ~ of radius o~ 


Y 4 PATI 
E c as they are impenetrable. 
! lO dior Within a sphere of radius c 
aan (—2r) no volume will be 
| i occupied by this pair of mole- 
cules. 
Fig. 2.16. Volume correction, Thus, the excluded volume: 


per pair of molecules 
=4n (2r) =8l$nr?) 
and for a single molecule, excluded volume is: 
=4(8) ($nr?)—4($nr?) 
SV m. 
where Vm is the volume of a single molecule. 
Correction for the attractive forces operating between the 
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molecules. A molecule within the interior of the gas is surrounded 
by other molecules equally in all directions 
and thus the net force of attraction on it is 
zero. However, when it approaches the wall 
of the container, the uniform distribution of 
the molecules about this molecule is upset 
and it will be subjected by molecular attrac- 
tion R an inward pull as there is no molecule 
on the other side. Due to this one sided j 
molecular attraction, the force with which the Fig. 2.07. EDI 
molecule strikes the wall will be less than the 
force if there were no inward pull. Consequently the measured pres- 
sure, P, is less than the ideal pressure, P;, by an amount say Ple 
P-—P,—P' 
or P,—P--P' 

In other words, it is necessary to add a correction term to the 
actual pressure in order to get the ideal pressure. 

Now, the force of attraction exerted on a molecule when it is 
going to strike the wallis directly proportional to the number of . 
molecules per unit volume in the body of the gas. Again, the number 
of molecules striking the wall is also proportional to the number of 
molecules per unit volume of the gas. 

If V is the volume occupied by moles of the gas, then both these 
two factors and hence the correction term, P’, is directly proportional 


n2 
to pr 
n 
i.e, P'e Ty 
, ma 
or E m3 7c 


where a is a constant characteristic of each gas. 
Thus the ideal pressure, 


: ; 
P-PYTvLP p++ (2,92) 


The product of ideal pressure and ideal volume indicated by equa- 
tions (2.92) and (2.91) respectively should be equal to nRT i.e., 


( p+) (V—nb)=nRT «+. (2.93) 


This is known as the van der Waals equation for n moles of a 
gas. j 
For 1 mole of a gas, van der Waals equation becomes: 


( P+ Se ) (V—b)=RT < a. (2.94) 
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The constants a and b are known as the van der Waals constants 
and their magnitudes depend on the type of the gas and the units in 
which pressure and volume are expressed. The values of the van der 
Waals constants for some gases are given in Table 2.2. 


TABLE 2.2. 
van der Waals constants for some gases 
Gas a|dm* atm mol-3 100 b|dm mol-* 
He 0.0341 2.370 
Ne 0.2107 1.709 
Ar 1.345 3.219 
Kr 2.318 3.978 
Xe 4.194 5.105 
H, 0.244 2.661 
O; 1.360 3.183 
N; 1.390 | 03913 
CO, 3.592 4.267 
H,O . 5.464 3.049 
NHs 4.170 3.707 


, Problem 2.13. Calculate the pressure exerted by 1 mole of water vapor [in 20 
litres at 27°C, using (a) the ideal gas law (5) van der Waals equation. The values 
of van der Waals constants a and b for water vapor are 5.464 litre? atm. mole-? 
and 0.03049 litre mole respectively, 


Solution. (a) pa AT 

— (0.08205 litre atm deg- mole-1) (300 deg) 
20.00 litre mole 
—1.23 atm. 
RT a 

V—b ~ Vi : 

— (0.08205 litre atm deg-? mole-1) (300 deg) 
(20— 0.03049) 

5.464 
~ 400litre* moje-* 
21.218 atm. 


(b) P= 


2.18. EXPLANATION OF BEHAVIOUR OF REAL GASES 
FROM van der Waals EQUATION 


van der Waals equation can explain the behaviour of real gases up to 
some extent although not completely as shown below: 
PV-—RT-FPb—al|V--ab|V2 «++ (2.95) 
` (i) At low pressure. When P is small, V will be large and, there- 
fore, terms Pb and ab|V? are negligible in comparison to a/V (bi: 
also very small in comparison to V). Hence, equation (2.95) re- 


duces to: 
i PVemnT-—alV. 
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Thus, when the pressure is low, the product PV is smaller than 
RT by an amount equal to a]V. When P increases, V decreases or 
a/V increases and, therefore, PV will go on decreasing. This explains 
the dip in the plot of PV versus P curves for CO» and O» in Fig. 2.13. 


(ii) At high pressure. When P is high, V will be small. Now the 
terms a[V and ab/V?, which have opposite signs and approximately 
the same magnitude, are negligibly small in comparison to the other 
two terms in the right hand side of equation (2.95). ; 


Thus equation (2.95) reduces to P 
PV-—RT--Pb. 


Therefore, when pressure is high, the product PV is greater than 
RT by an amount equal to Pb and that increases linearly with 
increase of P. 


This explains why at high pressures, the product PV is always 
greater than the desired value for all gases as shown in Fig. 2.13. 


(ii) At extremely low pressures and high temperatures, 
When P is very small, V will be very large. In this case, both the 
correction terms a/V? and b, in the van der Waal's equation are 
negligibly small in comparison to P and V and the equation reduces 
to PV=RT, the equation for an ideal gas. Similarly, when the 
temperature is very high, V will be very large (since volume oc tem- 
perature) or P will be very small and again the equation, PV—RT is 
obtained. Thus at extremely low pressures and high temperatures, 
all real gases obey the ideal gas laws. 


(iv) Exceptional behaviour of hydrogen ‘and rare gases. 
Since for such gases, the attractive forces between the molecules are 
very small; the values of a are, therefore, found to be very small. 
Hence theterm a/V2, the effect of which is predominant at low 
pressure, is negligible. However, the effect of b, the volume of the 
molecules, predominates even at low pressure and so the van der 
Waals equation reduces to P(V—b)=RT or PV—RT-- Pb. 

In words, for gases like Ho, He etc., the product PV is alway: 
higher than RT by an amount equal to Pb. : 

This explains the reason why the product PV for hydrogen and 
helium, as shown in Fig. 2.13, begins to increase sharply with 
increase of pressure. 


2.19. OTHER EQUATIONS OF STATE 


A large number of other equations have been suggested to represent 
P—V—T relations of the gases more satisfactorily. Some of them 
are empirical and some are theoretical. Some important questions of 
state are given below: 

Dieterici Equation. This equation makes an allowance for the 
forces of attraction on molecules and its effect on the pressure. The 
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equation is: 
$ P(V—b)—RT e-«lFT 
where e is the base of natural logarithms: 

This equation agrees with the van der Waals equation over small 
ranges of pressure. At high pressure, the two equations differ con- 
siderably and Dieterici equation gives results which are more in 
agreement with the experimental results. à 

Clausius Equation. Clausius showed that the factor a in the van 
der Waals equation is not independent of temperature and used 


a " 
a y2. is: 
the term TU o for a/V2. The proposed equation is 


where c is some constant. 

This equation explains P—V-—T relations fairly well for some 
gases and not for all gases. 

Dieterici Equation. This equation makes an allowance for the 
forces of attraction on molecules and its effect on the pressure. The 


equation is: 
RT a 
r-( 25- ) ex. (rr) + 2.96) 


Using this equation the values of critical constants are given as 
under: 


Pagi V5 Toma ... (2.97) 


Ze=F-=0.2106 


Dieterici equation gives results which are more in agreement with 
the experimental results. 
Berthelot Equation. The equation is of the form, 


Mi vr a 
P= TV ... (2:98) 
wane this equation the values of the critical constants are found 
to be 
ETO BL AE ya 
Pera) ; Ve=3b 6.2.99) 
Eae, 3. 
T= 3 e ] i Z,—-g- = 0.375 
Beatie-Bridgeman Equation. The equation is of the form, 
"p O—9RTO- Jj 
p= ed (2-00) 
y2 


FM 
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The Kamerlingh Onnes Equation. This is an empirical equa- 
tion and gives PV as a power series of the pressure at any given 
temperature, This equation is written as: 


PVm=A+BP+CP2+DP3+ .., 


P-is the pressure and Vm is the molar volume. The coefficients 
A, B. C, D etc., are known respectively as the 1st, 2nd, 3rd, 4th etc. 
virial coefficients. When the pressure is very low, only the 1st 
coefficient 4, equal to AT, is significant and others are neglected. 
When the pressure is high, the other coefficients are also significant 
and are taken into consideration. The order of significance of these 
coefficients is their order in the equation. The values of all these 
coefficients, although constant at a given temperature, vary with 
temperature. 


This equation can be made to explain the experimental results 
with fair accuracy. 


PROBLEMS 


1, Explain the expressions: 
K K 
PV=K, P= Vas. 


What is the meaning of K? 


2. What is the pressure in atm, if the difference in the levels | of Hg in an 
open end manometer is 76 cm? 500 mm? The Croo pressure is 74.0 cm, 
Hg. Ans. 0.053 atm. 0.316 atm. 


3. A mixture consists of 0.495 -gram of gas A of molecular weight 66.0 and 
0.182 gram of a gas B of molecular weight 45.5; the total pressure is 762 cm of 
mercury. Calculate the partial pressures of the two gases. 

Ans. 49.7 and 26.5 cm of mercury. 


4. Using the ideal gas, with P and V expressed in proper C.G.S. units, cal- 
culate the value of R (a) in ergs per degree per mole, (b) litre-atm per ees per 
mole, (c) cals per degree per mole. ^ 


5. Calculate the number of (a) ergs per molecule, (5) Kcal per mole corres- 
ponding to one electron volt per molecule. The electron volt is energy acquired 
by an electron in falling through a potential difference of one volt, 

Ans. (a) 1. 6x 10-2 (b) 23.05 

6. At 27°C, 500 cc. of H, measured under a pressure 400 mm Hg and 1000 
c.c. of Ng, measured under a pressure of 600 mm Hg are introduced into an 
evacuated flask of 2- litre capacity. ‘Calculate the resulting pressure in mm of — 
mercury, n Ans, 400 mm Hg 

7. Comment on the postulates of kinetic theory of gases. Derive the expres- 
sion for the pressure exerted by one mole of an ideal gas. 
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8. Write explanatory notes on: 
(a) Root mean square velocity. 
(b) Most probable velocity. 
- (o Average velocity. 
(d) Mean free path. 
9. Explain in terms of kinetic molecular theory: 
(a) High compressibility of gases. 
(b) Pressure exerted by a gas. 
(c) Temperature of a gas. 
(d) Dalton's law of partial pressure. 


10. Deduce gas laws from the kinetic theory of gases. Calculate the pressure 
exerted by 10g of nitrogen enclosed in a I-litre vessel at 25°C. Assume that 


nitrogen behaves ideally. 4 Ans. 8.73 atm. 
3M. (a) Calculate the root mean square velocity and average velocity of CO, 
molecules at 18°C and 400 mm pressure. Ans. 48390 cm/sec. 
40620 cm/sec. 


(b) The density of hydrogen at 0°C and 760 mm pressure is 0.00009 g/ml. 
Calculate r.m.s. velocity of hydrogen molecules (density of Hg=13.6 gm/cc.) 
Ans. 183900 cm/sec. 
12. Calculate the average, most probable and the root mean square velocity of 
O, molecules at 25*C. At what temperature would hydrogen have the same 
values of velocities? 
Ans, 3.2X.10* cm/sec; 2.8%10* cm/sec. 4.7: 10* cm/sec. 
13. What is the mean free path of Argon at 25°C and a pressure of | atm; 
given d=2.86 A. Ans. 4—1115 
14. (a) Derive the barometric formula. 
(b) The gravitational constant g decreases by 1.0 cm/sec? km of altitude. 
Assuming a constant temperature of 25°C, derived a modified barometric equa- 
tion that recognizes this variation in g. Calculate the pressure of nitrogen at 


300 km altitude taking sea-level pressure to be 1 atm and using this modified 
equation. Ans. 6.4 X 10™™ atm. 


15. (a) Starting from the kinetic gas equation, calculate the ratio o! the specific 
heats at constant pressure (Cp) and at constant volume (Cy) in the case of a mono 
atomic gas. 
f (b) How does the ratio Cp/Cy vary with the molecular complexity of a gas? 
(c) The equi-partition value of y, (Cp/Cy) for ozone is 1.15. Assuming ideal 
gas behaviour, is the molecule linear or non-linear? 


“16. Derive the Maxwell-Boltzmann Distribution Law. Give a method for its 
experimental verification. 
. 37. Write notes on the following: 
(a) Viscosity of gases. 
(b) Degrees of freedom. 
(c) Law of Equipartition of Energy. 
18. Comment on the following statements: (a) The fact that molecules attract 
one another cause a gas to deviate from ideal behaviour. 
(b) The fact that the actual volume occupied by molecules is not negligible 
cause a gas to deviate from ideal behaviour. 


(c) The molecular attraction between the gas molecules is high at low tem- 
peratures. 


GASEOUS STATE $1 


19. (a) Derive van der Waals’ equation for n moles of a real gas, What is the 
effect of temperature on the van der Waals' constants a and 5? 

(b) Show that 5, the co-volume, is equal to four times the actual volume of 
the molecule. 

20. One molecule of carbon monoxide has a volume 1.5 litres at a temperature 
of 27°C. If R is taken in litre atmospheres, then the values of ‘a’ and *^' are 1.05 
and 0.04 respectively. Find the pressure of this gas using van der Waals’ equation, 

(b) van der Waals’ constant *5' for O, gas is 0.0318 litres moles-*, Calculate 
the diameter of the oxygen molecules, Ans, 2,934  107* cm, 


Chapter 3 
LIQUIDS 


3.1. LIQUIDS AND THE CRITICAL PHENOMENA 


-It was pointed out in the chapter on gases that liquids differ from 
gases in terms of the intermolecular forces and the mean free path 
of the constituent particles. The intermolecular forces in gases are 
very small and the gas molecules have got free existence. That is 
why the molecules of a gas are in a state of constant rapid motion 
moving in all the possible directions. The mean free path is also very 
much larger than the molecular diameter. 

Liquids are characterised by strong cohesive forces and these 
forces do not permit the molecules to have translational motion as 
freely as in a gas. Thus fora liquid, the molecules have restricted 
motion and the mean free path is much shorter than in the gas 
pase. 

Every gas can be converted into liquid state by decrease of tempe- 
rature and increase of pressure. However, the effect of temperature 
is more predominant than that of pressure because for every gas, 
there isa temperature above which it cannot be liquefied howsoever 
high pressure is applied. This temperature above which a gas can- 
not be liquefied and below which a continuous increase of pressure 

- will ultimately result in the liquefaction of the gas is referred to as 
the critical temperature. The pressure required to liquefy the gas at 
the critical temperature is known as the critical pressure and the 
volume occupied by one mole of the gas at critical temperature and 
pressure is called the critica! volume. Critical temperature, critical 
volume and critical pressure of a gas are together known as the 
critical constants of a gas. 

The critica] phenomena is reversible. 


The critical phenomena was first studied in detail by Andrews in 
1869, when he determined the isotherms (curves between pressure 
and volume at constant temperature) of carbon dioxide at different 
- "temperatures. The results are shown in Fig. 3.1. 

At 48.1 °C, the curve is a hyperbola as is obtained in the case of 
an ideal gas. Same is the result at 35.5°C but here, there is some 
deviation from the correct form. At 30.98°C, the isotherm shows a 
marked deviation from the ideal gas behaviour, This curve remains 
horizontal for a short period and at the point Y, a great decrease of 
volume is indicated for a small change of pressure. Also at X, 
liquid is observed for the first time. At still lower temperatures, the 
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torizontal portions of the curves are much more pronounced. Lower 
Daw ay 


Pressure (Atm) —» 


Volume (c.c.) ——> 


Fig. 3.1. Isotherms of COs. 


the temperature, larger is the horizontal portion.. Consider the 
isotherm ABCD at 13.1°C. The portion AB represents the compres- 
sion of CO; gas. At B, the liquefaction commences and the curve 
BC remains horizontal thus indicating a great decrease of volume at 
constant pressure. Along this line, the gas is changing into liquid. 
At C, the liquefaction is complete. Further increase of pressure from 
C to D results in a slight decrease of volume since liquids cannot 
be easily compressed. Thus, the portion CD of the curve is almost 
vertical. It should be noted that along AB, only gas exists and along. 
CD, only liquid exists while along BC, both gas and liquid are 
existing together. At a somewhat higher temperature say at 21.5°C, 
the. behaviour is qualitatively same except that the horizontal por- - 
tion, over which liquefaction takes place, is smaller. If the tempe- 
rature is increased further, horizontal portion becomes smaller and 
-smaller till it shrinks to the point X at the temperature 30.98"C. 


Above this temperature, no horizontal portion of the curve is, - 


pronounced and the isotherms approach more and more. closely the 
ideal behaviour. ; 

It is evident from these considerations that within the dome- 
shaped area, obtained by joining the ends of the horizontal portions 
of the isotherms and the point X, both liquid and gaseous carbon 
dioxide exist. In the area to the left, only liquid is present, and in 
the area to the right, only gaseous carbon dioxide will exist. % 

At the point X, it is not possible to distinguish gas from liquid 
and CO; exists in a state called critical state. The point X is known 
as the critical point and the temperature, pressure and volume 
corresponding to this point are called the critical temperature (T'e), 
critical pressure (Pc) and critical volume (Ve). For CO2, T; 
30.98°C, P-=73 atm and V,—94.9 cm3/mole. - Í 

Similar isotherms are obtained for other gases. They will have 
characteristic Te and Pe. : , 
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3.2. EXPERIMENTAL DETERMINATION OF CRITICAL 


CONSTANTS 


The determination of critical constants of a gas is based on the fact 


that at the critical temperature, 


Fig. 3.2. Determination of critical 
constants, 


the densities of liquid and vapor 
become identical, and the sur- 
face of separation—the meniscus- 
between them disappears. The 
substance under investigation is 
sealed up ina strong glass tube 
A, Fig. 3.2, which is attached to 
a mercury manometer B. The 
tube is cooled if necessary, so 
that the surface between the 
liquid and the gas is apparent. It 
is then gradually heated in a 
suitable bath until the boundary 
between gas and liquid just dis- 
appears; this gives the critical 
temperature, and, the critical 
pressure can be obtained from the 
mercury level in the manometer. 
The critical volume can be obtain- 
ed from the rule of Cailletet and 
Mathias. 


_ This rule states that when the mean values of the sum of the densi- 
ties of liquid and saturated vapor of any substance are plotted against . 
the temperature, the plot is a straight line, as shown in Fig. 3.3. The 


densities of the liquid (d) and of 
thesaturated vapor (d,) in equili- 
brium with it are known as ortho- 
baric densities. According to the 
law of Cailletet and Mathias, the 
equation of the line is 


=4+8(-45%) SS 6D 


where A and B are constants 
evaluated from the plot, and ¢ is 
the temperature. At the critical 
temperature, d;—d,—d., where, 
d, is the critical density. With this 
substitution equation (3.1) modi- 
fies to 1;—4-- Bde SRG} 

Knowing the value of the 
critical temperature fe, de, the 
critical density, can thus be ob- 
tained. From the critical density, 
the critical volume can be rea- 
dily obtained. 


Temperature °C — 


Density — 


,Fig. 3.3. Linear variation of mean 
senate of a substance with tempera- 
ure. 
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3.3. CONTINUITY OF STATE 


In the preceding paragraph, it was said that within the dome, both 
gas and liquid exist in equilibrium while outside the dome either 
liquid or gas exists. Actually there is no dividing line between the 
liquid state and the gaseous state and there is a gradual transition 
from gas to liquid and vice-versa without any abrupt change in 
state. The fact that it is not always possible to make distinction 
between a gas and a liquid is known as the principle of continuity of 
State. 

Consider again Fig. 3.1. Points E and F lie on the same isotherm 
(21.5°C). At point E, only gas exists and point F represents only 
liquid, obtained by compressing the gas isothermally. This change 
from gas to liquid at constant temperature can also be made without 
any sharp discontinuity. This is done as follows: 

Let us increase the pressure of the gas at constant volume from 
point E to point H by increasing the temperature. After arriving at 
point H, the volume is decreased at constant pressure along the line 
HG by decreasing the temperature. After reaching the point G, the 
volume is kept constant and the temperature is decreased. This-will 
result in the decrease of pressure until point F is reached. We see 
that in this series of changes, gaseous CO» can be converted to liquid 
without any abrupt change in state. It is not always possible to 
distinguish a gas from a liquid and the conversion of gas to liquid 
Or vice-versa is continuous. The states in the region of point F can 
be taken as liquid states or highly compressed gaseous states de- 
pending upon the convenience. 


The distinction between gas and liquid is possible only within the 
dome area where both are present in equilibrium and there is 
boundary surface. In the absence of this boundary surface, no 
fundamental distinction between gas and liquid is possible. 


2.4. van der Waals EQUATION AND THE CRITICAL 
PHENOMENA 


The van der Waals equation for one mole of gas is 
( P+ +z) (V—B)—-RT G3) 


On expanding and rearranging this equation in descending powers 
of V, we get a 
PV3—/2 (RT+Pb)+aV—ab=0. 


Division of the whole equation by P gives 


yv b gr Es =0 2 (3.4) 


— 
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This is a cubic equation in V which when solved for given values 
of P.and T will yield either three values of V or one real and the 


other two imaginary. On substitut- i 
ing the experimental values -of the » 
constants a and 5 in equation (3.4), 

values of V for different values of P i 


at known temperature are calculat- 
ed. These values of V when plotted i 
against P for a constant T give the. 
FOX isotherms as shown in Fig. 
4. 


Pressure ( Atm.) => 


“Tt can be seen from the diagram 
that isotherms at 31°C (T) and 
Volume (Cm3) —> above are exactly of the same type 
: as shown in Fig. 3.1 but below 31*C, f 
a aaa ages s peius they differ. In each isotherm below i 
the critical isotherm, the horizontal | 
y 


portion is omitted and replaced by a wave like portion (S-shaped). 
Consider, for example, the isotherm at 25°C. It is represented by 
AbcdE. As predicted by the van der Waals equation, it gives three 
values of V corresponding to the points b, c and d for the same value 
of pressure. . 

As the temperature rises, the wave like portion becomes smaller 
and smaller and the three possible values of V for a given P become 
closer and closer. At the critical temperature, the three values of 
V areidentical. Above the critical temperature, each isotherm gives | 
one real and two imaginary values for V for a given P. E 


It has been found that the portions bc and cd of the curve AbcdE 
can be realised under unstable conditions. 


"At the critical point X, the three values of V are not only real and 
positive but also identical and equal to the critical volume: Mathe- 
matically we have, 


(V—V3 20 vea (305) | 


Expanding this equation by the binomial theorem we get: ] 
V3—(3V9V?--(3V23)Y — 3— 0 -a (8.6) AB 
Substituting Pe and T; for P and T'respectively in equation (3.4), 
we get: 
RT: a ) ab 
3. y2 XS e EARS 
y yd b+ a) (x ab o 2.2 


On the basis of arguments given carlier, equation (3.7) should be 
identica] with equation (3.6) and the coefficients of like term must 
be equal, Equating the coefficients of like powers of Vin equations 
(3.6) and (3.7), we get iat 


vm Te 2 (8) 
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die P; sie CD) 
and Sap see ^ 1. 10) 
Pe T F 
Dividing the equation (3.10) by equation (3.9), 
V,—3b 
Substituting this value of Ve in equation (3.9) sien ton) 
a a US 
398)—-5- or P.— TE + ae (3.12) 


Substituting the values of V, and P. from equations (3.11) and 
(3.12) respectively, in equation (3.8); 


3x 35b. Te x217b 


8a ` 
or Te= FIRE ERN (3.13) 
From equation (3.12), 
a=P, X27? 
Substituting this value in equation (3.13), 
7. 3X P.X27b? 
eS = 27Rb 


RT. i a3 
or b= p, " 211. (3.14) 


Substituting this value of b in equation (3.13) yields 
_ _8ax8Pe : 
> Z2IRXRI; 


RTA Mes 
or a= ap, 2. . (3.15) 


Te 


With the help of equations (3.14) and (3.15), values of the critical 
constants can be easily calculated from a knowledge of P; and Te 
and using the corresponding values of R. The results when com- 


- pared with the experimental values of a and b showed that the two 


values agree near the critical point but disagree when moved away 
from critical point. 
On eliminating b from equation (3.8), 


als GARE 
dod ps 
KU cour 
or CRYSU 2.67 soo Q46) 
Equation (3.16) shows that if the van der Waals equation is valid 


near the critical point, the values of Ae calculated for various 
ore 
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gases should be 2.67 but it is found that the values are generally : 


higher than 2.67 and are different for different gases. This is due to 
the fact that the correction term ee for the molecular forces in the 


van der Waals equation does not give the true intermolecular attrac- 
tion when the molecules are very close to one another as near the 
critical point. 
Problem 3.1. Calculate Vc, Pe and Te for carbon dioxide gas. The values for 
the van der Waals constants for CO, are 
© a=3.60 litre? atm mole-* and 5—4.28X 107* litre mole“ 
Solution. Ve= 3b 
=3X4.28x10-? litre mole? 
=1.28X10- litre mole? 
a 
Po we 
3.60 litre? atm mole? 
= 3X0.28X107 litre mole)" 
=7.32 atm 
8a 
and To= TIRE 
e 8(3.60) litre? atm mole™? 
27(0.082 litre atm deg-! mole~*)(4.28 x 107? litre mole7!) 
=304K 


3,5. THE LAW OF CORRESPONDING STATES 


van der Waals in 1881 showed that if the pressure, volume and 
temperature of a gas are expressed as fractions of critical pressure, 
critical volume and critical temperature in his equation, an impor- 
tant generalization known as the law of corresponding states is 
obtained. 


Let nes si or P-—nP; 
P. 
y 
$+ y 9 V=4V. 
and b= T or T—07, 
we s 


x, $ and 9 are called the reduced pressure, the reduced volume 
and the reduced temperature respectively. 

Substituting these values of P, V and T in the van der Waals 
equation, we get 


nPe+ M. ) (8V.—b) = ROT. 12:40 
: JV 
Since P npn V,=3b and Tea , equation (3.17) takes 


the form 


LIQUIDS : 59 
a a : 8a 
(s. zu + 99 o? Jaer-n- ne IRD 
a 3 a 
ix zal wu Ge D— 995 80 


3 
or ( Og) (3¢—1)=88 fae (ads) 


Equation (3.18) is known as the van der Waals reduced equation of 
state. This equation does not involve either R or the van der Waals 
constants a and b which are characteristic of the given gas. Hence 
it is a perfectly general equation and is applicable to all liquids and 
gases. ; 

It is evident from equation (3.18) that when two or more sub- 
stances have the same reduced temperature and reduced pressure, 
they will have the same reduced volume. Thus two or more sub- 
stances under these conditions are said to be in corresponding states 
and the above statement is referred to as the law of corresponding 
states. 

The law of corresponding states is not rigorously valid but is only 
approximately true. This can easily be shown by drawing tbe graphs 
interms of the reduced pressure and reduced volume for different 
substances at the same reduced temperature. The curves are found 
not coinciding with each other. 


Problem 3.2. Calculate the value of the pressure for 1 mole of CO; at 40°C 
when confined in a volume of 0.107 litre using (a) the law of "corresponding 
states, and (5) the ideal gas law. Given that Pc for CO, is 73 atm at 40°C. 


Solution. (a) The reduced pressure x is given by the relation. 
8e 3 


where n=——, 6— and Feu 
c e t 
87/Te 2 
“BOr VIV 
- 8 313.2 3 
= 3(0.107)/(0.0957) -1 X 304.2 — (0.107/0.0957 litre)" 


8 3 
= pads (0 qa 


un 3 
ras 


1.21 
=3.51—2.40=1.11 
Thus, P=nxP,=73.0X1.11=81 atm. Ans. 


_ RT 
(6) PES 


i 0.0821 litre atm deg-! mole-1X313.2 
0.107 litre mole=* 


=240 atm. Ans. 
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3.6. LIQUEFACTION OF GASES 


A gas can be liquefied by applying high pressure and decreasing the 
temperature. Compression of the gas brings the molecules closer 
anda decrease in temperature reduces the kinetic energy of the 
molecules. i 

Faraday (1823) was the first to try joint application of cooling 
and compression for the liquefaction of various gases. He employed 
à V shaped tube, in one limb of which the gas was prepared and in 
the other limb, which was immersed in an ice chamber, the gas was 
liquefied under its own pressure. By applying this method, Faraday 
could liquefy many of the gases e.g., Clo, SO», H2S, CO2, HCl, NH3 
etc. but failed to liquefy gases such as Oz, Nz and Ha though he 
applied. very high pressure (upto 3000 atm). He referred to these 
Bases as permanent gases. 


Liquefied ges 


Ice chamber 


Fig. 3,5. Faraday's apparatus for the liquefaction of gases. 


The reason for the failure in the liquefaction of the so-called 
permanent gases was given by Andrews in 1863 when he investigated 
the critical phenomena.- He said that a gas must be cooled below 
its critical temperature before it can be liquefied. If the gas is 
above its critical temperature, it cannot be liquefied however high 
pressure may be applied. Since the critical temperature. of the 
permanent gases was found to be very low, therefore, Faraday 
failed to liquefy them. Thus it is clear that the liquefaction of the 
permanent gases requires intense cooling -and considerable high 
pressure. 

Pictet (1877) for the first time succeeded in liquefying oxygen and 
hydrogen and showed that these are no longer permanent gases. He 
employed the Principle of Cascades or Series Refrigeration by which 
gases having sufficiently low critical temperature are cooled by eva- 
porating a liquefied gas. For example, by evaporating the liquid 
sulphur dioxide, a temperature of —65?C was obtained which was 
sufficient to liquefy carbon dioxide, Similarly, vaporisation of the 
liquid carbon dioxide brought down the temperature to —130°C 
which was sufficient to liquefy the compressed oxygen. Using the 
cascade method, the lowest temperature that could be achieved by 
evaporation of liquid oxygen was —218°C which was much higher 
than the critical temperature of neon (7,——228.71*C), hydrogen 
(Te=—239.91°C) and helium (7,— —267.84*C). 


s 
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To attain these low temperatures, the following two methods are 
most widely employed: E 


(1) The Linde's and Hampson's (1895) method employing the Joule- 
Thomson effect to cause cooling; and ~ 


(2) The Claude's and Heylan's method which is based on cooling due 
to adiabatic expansion. p 


The Linde's and Hampson’s method. Their method is based 
on the Joule-Thomson effect according to which when a gas under . 
high pressure is allowed to expand into a region of low pressure, it 
falls in temperature. The gas is cooled due to the fact that during 
expansion, the internal energy is used to overcome the attractive 
forces between the molecules. The apparatus used by Linde for the 
liquefaction of air is shown in Fig. 3.6. 


^ 


Water 


Fig. 3.6. Linde's apparatus for the liquefaction. 


The air to be liquefied is first purified and then compressed to a 
pressure of about 200 atm. by the compressor. During compression, . 
heat is generated which is removed by passing the gas through water 
cooled copper coils, B.. Also during compression, if there is any 
water in the air, it condenses and is removed as shown in the 
diagram. The air thus dried is passed through copper tubes coiled 
in the form of spirals C and is allowed to expand suddenly in the. 
chamber Dto a pressure of about one atmosphere by regulating 
the valve V. Due to expansion, the temperature of the air falls to 
about —78°C. The air thus cooled again passes over the copper 
spirals C and in this way cools the incoming air even more before 
expansion. After the completion of the cycle several times, the 
temperature of the expanding gas becomes so small that liquid air 
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begins to issue through the valve V. The air which is not condensed 
goes back to the compressor and the whole cycle is completed. 

It was observed that while most of the gases were cooled during 
expansion, hydrogen and helium warmed up. On investigation it 
was found that both hydrogen and helium behaved in the same 
manner as other gases if before expansion, they were cooled below 
their inversion temperature. For H2 and He, the inversion tempera- 
ture is —80°C and —240*C respectively. 

The Claude's Method. In this method, the gas is cooled due to 
the work done by the gas in its adiabatic expansion. The gas is 
compressed to about 200 atmospheres and is then allowed to expand 
against a confining piston. During expansion against the piston, the 
gas has to do some mechanical work. As a result of this work, the 
kinetic energy of the gas molecules is removed and the temperature 
falls. The issuing gas is divided into two streams—one is apain 
allowed to do work in expansion against the piston and the other is 
passed through the throttle where its temperature is lowered by the 
Joule-Thomson effect. 

Claude's process is an improvement to Linde's process in the fact 
that in Claude's process, no work is wasted in expansion of the gas 
and thus this work is utilised in the operation of the compressors. 

Very low, cooling below 1 K can be obtained by adiabatic 
demagnetisation of a magnetised body. This method was given by 
Debye and Giageue (1927). This effect js best observed at low tem- 
peratures and by substances which are not ferromagnetic. Para- 
magnetic salts such as gadolinium sulphate, cerium fluoride etc., are 
generally employed in this method. 

Uses. Liquefaction of gases is of great importance both in indus- 
try and in the laboratory asthe liquefied gases find numerous appli- 
cations in many fields. It is possible to obtain high vacuum by using 
liquefied gases. Liquid air can be utilised in drying and purifying 
gases. Various gases can also be obtained from liquid air e.g., 
oxygen, argon, neon and krypton are obtained on a large scale by 
the fractional distillation of the liquid air. Gases which can be 
easily liquefied e.g., sulphur dioxide, ammonia, difluoro—dichloro- 
methane (freon) etc.. can be used for refrigeration purposes. Liquid 
oxygen, when mixed with powdered charcoal and detonated, can be 
employed for preparing explosives. These days oxygen and helium 
are being used for welding purposes on a large scale. Liquid chlorine 
has outdated bleaching powder and is now most commonly employed 
for bleaching purposes. i 


3.7. STRUCTURE OF LIQUIDS 


Aliquid may be regarded as a continuation of a gas phase into the 
region of small volumes and very high molecular attractions. Our 
- present knowledge about the nature of the liquid state is still very 
incomplete." There are two main theories of liquid structure. 
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One theory considers liquid as an imperfect gas. This is supported 
by the fact that above the critical point there is no distinction at all 
between the liquid and a gas and the so-called fluid state of matter 
exists. 


The second view point about the structure of liquid considers it 
similar to a crystal, except that the well ordered arrangement of the 
liquid extends over to only five or six molecular diameters. This is 
often referred to as short-range order and long-range disorder. It is 
more plausible model since near the melting point, the densities of 
crystal and liquid lie close together. Whatever order exists ina. 
liquid structure, it is continuously changing because of the thermal 
motions of the individual molecules. The properties of liquids are 
determined by a time average of a large number of different 
arrangements. 


A more direct approach to liquids is provided directly ‘from the 
fundamentals of inter-molecular forces and statistical mechanics. 


PROBLEMS 


1. Give an account of Andrews experiment on critical phenomenon with 
CO, and the important conclusion that can be drawn from it. 


Se rd va ea Ir 
_ 2. Show that for one mole of a real gas, Ve=3b, Pe= 276%, I 7RD 
where Ve is the critical volume, Pe is the critical pressure and Tc is the critical 
temperature. 
3. What do you understand by ‘‘continuity of state?” Explain with the help 
of isotherms of carbon dioxide. 


4. The Berthelot equation of state (for one mole of gas) Py. (V—b) = 


RTis more useful than the van der Waals equation at pressures below l atm., 

(i) Evaluate a, b and R in terms of the critical constants. (ii) Derive the reduced 
equation of state. 

Ans. (i) a=3PcVct, b=1/3 Ve, R=8/3 ro 

LT. [4 
(ii) (n4-3((30—1)—8 8. - 

5. Calculate the constants ‘a’ and ‘b’ for a gas obeying van der Waals equa- 

tion of state if the critical temperature and critical pressure ofthe gas are 31°C 

and 72.8 atm. respectively. The value of R=0.08206 litre atmospheres deg-t 


mole. 
Ans. a=3.606 litre*—atm. mole-?. 


5=42.83 cc. mole^?. 
6. Calculate the values of critical temperature and critical pressure of CO,. 
The van der Waal constant a and b for CO, are 1.362 litre? atm mole and 
73.19 x 107? litre mole? respectively. The value of R=0.082 litre-atmospheres 


deg mole=?. 
= Ans. Te=—118.7, Po=49.7 atm, 


4 S ER 8. 
7. Prove that for a gas obeying van der Waals equation, AE Ig where R 
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is the gas constant and Tz, Pe and Ve are the critical temperature, critical, pres- 
sure and critical volume of gas respectively. How far does a real gas obey van 
der Waals equation? « h " 
8. Discuss the various methods that have been gis for the production of 
cold. What is the lowest temperature so far reached? How has it been reached? 
9, Write short notes on the following: 
(a) Law of corresponding states, 
(b) Structure of Liquids, 


a t 


Chapter 4 


PROPERTIES OF LIQUIDS 


4.1. VAPOR PRESSURE 


A liquid when placed in a container will partially evaporate and the 
molecules of the vapor would exert a definite pressure on the liquid, 
Consider, for example, liquid bromine sealed up in an evacuated 
vesse] as shown in Fig. 4.1. It will be observed that some of the 
bromine molecules in the vapor state would escape in the space 
above it (indicated by the brown colour in the vapor state). Since the 
space is limited by the closed vessel, the molecules return to the 
liquid. This moving up cf the molecules is called vaporisation or 
evaporation and returning of the vapors to the surface of the liquid 
is called condensation. When the process of evaporation and condens 
sation are in equilibrium with each other, pressure exerted would 
then be the saturated vapor pressure or vapor pressure of the liquid. 


Fig. 4.1. Vapor pressure of liquids, 


The phenomena of vapor pressure can be readily explained from 
the Kinetic Theory of the gases. Molecules ina liquid, like gas 
molecules, are in a state of motion moving with different velocities. 
Some of the molecules moving in the direction of the surface and 
possessing sufficient kinetic energy to overcome the forces of. attrac- 
tion of other molecules in the liquid state would leave the surface 
of liquid, accumulate in the space above the liquid and exert a 
vapor pressure. However, some molecules in the space strike the 
surface and will be retained by the liquid. At equilibrium, the rate 
of escape of molecules from the surface is equal to the rate of return 
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of molecules to the surface and the pressure exerted will then be the 
- vapor pressure of liquid. 


Vaporisation of a liquid is an endothermic process, as it is accom- 
panied by the absorption of heat. Heat supplied increases the kinetic 
energy of the molecules in the liquid. When kinetic energy of the 
molecules in the liquids becomes sufficiently high to overcome cohe- 
sive forces, evaporation sets in. For any definite quantity of liquid 
at a definite temperature, the amount of heat required to vaporise it 
is known as the (latent) heat of vaporisation of the liquid. If the 
quantity of the liquid is one mole, the expression molar heat of 
vaporisation is used which means the amount of heat required to 
convert one mole of liquid into the vapor state. 


Determination of vapor pressure, The various methods fre- 
quently employed for measuring the vapor pressure of a liquid may 
be classified into three categories: (i) Static Methods; (ii) Dynamic 
Methods; and (iii) Gas Saturation Methods. 

Static Methods. The two methods used here are given below: 


(a) The Barometric method. This is the simplest method. This 
involves two barometer tubes which are filled with mercury and 
inverted over mercury as shown in 
Fig. 4.2. One of the tubes is used 
for comparison purposes. The 
liquid whose vapor pressure is to 
be determined is passed up into the 
other tube by means of a bent 
pipette. After some time, when 
the space above mercury is satura- 
ted with vapors, the difference in 
the levels of mercury in the two 
tubes is measured. This difference 
is a measure of the vapor pressure 
; oftheliquid taken at the experi- 
Fig, 4.2. The Barometric method for mental temperature. Depression in 
the measurement of vapor pressure. the level of mercury due to the 

weight of the liquid is taken to be 
negligibly small. The vapor pressure at other temperatures can also 
be measured with this apparatus by surrounding the barometer tubes 
with a heating jacket. 

(b) Isoteniscope method. This method is given by Smith and 
Menzies (1910). The instrument, which they used, is known as the 
Isoteniscope and is shown in Fig. 4.3, 


The liquid whose vapor pressure is to be determined is. filled up 
about one half in the isoteniscope bulb B. This bulb is attached to a 
U-tube which contains the same liquid. The level of the liquid is 
about half way up the limbs of U-tube. This set is called as the 
isoteniscope. This is then attached to a manometer and a large 
regulator bottle C. Pressure fluctuations can be minimised with the 
help of this regulator bottle. The isoteniscope is maintained at a 
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constant temperature by immersing it in a water. bath D, the tem- 


perature of which is determined by immersing a thermometer in it; 
M 


Atmospheric 
pressure— 760mm 


Manometer 


Fig. 4.3. The isoteniscope method for the measurement of vapor pressure. 


To start with, the apparatus is first evacuated by connecting the 
regulator bottle to a suction pump until the liquid in the bulb B 
begins to boil and thé whole air from B and A is expelled. Suction 
pump is then turned off and the regulator bottle is connected to air 
So that air is admitted to the system until the level of the liquid is 
exactly equal in the limbs of U-tube. Under these conditions, the 
pressure above the liquid in the tube is the same asthe pressure in 
the regulator bottle and is given by the difference between the 
barometric pressure and the height of mercury colomn in the mano- 
meter, In the same manner, the vapor pressure of the liquid can be 
recorded at different temperatures by simply changing the tempera- 
ture of the water bath. $ 

This method is very convenient and gives results with a fair degree 
of accuracy. 

The dynamic method. In this method, the liquid is boiled 
under a fixed external pressure. The temperature at which the liquid 
boils is noted by a thermometer which is placed in the condensing 
vapor to avoid error due to superheating of the liquid. Since boiling 
point of a liquid is defined as the temperature at which vapor pres- 
sure of the liquid is equal to the external pressure; the reading, 
therefore, gives the vapor pressure equal to the external pressure. 

The gas saturation method. This method involves the satura- 
tion of dry air or some inert gas with the vapors ofthe liquid by 


63 A TEXTBOOK OF PHYSICAL CHEMISTRY 


bubbling a known quantity of the gas through the liquid at constant ` 
temperature. The gas saturated with the vapors of the liquid is 
then either considered or absorbed by suitable absorbing agents and 
analysed. 

If P, is the total pressure of the air and vapors at saturation, n; 
is the number of moles of vapors and m is the number of moles of 
gas passed through, the partial pressure, P, of the vapors in the 
gaseous mixture is given by 


zn 4 
P Wins P, 2+ (41) 
(From Dalton's Law of Partial Pressure) 


n is given by ra where W is the weight of vapors of molecular 
Mi 


weight Mı and nz can be determined from the equation P,V=n.RT 
where V is the volume occupied by nz moles of air at temperature T. 

This method, although much more tedious as compared to the 
other methods, gives excellent results if proper care is taken. 

Variation of vapor pressure with temperature. The vapor 
pressure of all substances, although constant at a particular tem- 
perature, increases in an exponential manner with the, increase of 
temperature as shown in Fig. 4.4. The highest temperature at which 
vapor pressure of the liquid can.be measured is the critical tempera- 
ture and the lowest temperature at. which vapor pressure of the 
liquid can be measured in the freezing point. Above critical tempera- 
ture and below freezing point, liquid does not exist. 

The variation of vapor pressure with temperature can be expressed 
mathematically with the help of an equation derived thermo- 
dynamically by Clapeyron and 
later developed by Clausis. The 
Clapeyron equation for the 
vaporisation of a liquid can be 
written as; _ 

dP AH, 
al RWV (4.2) 


ra represents the change in 


Temperature —»- vapor pressure of the liquid with 
Fig. 4.4. Variation of vapor pressure change in temperature: AH, is 
with temperature. H the heat of vaporisation per mole 


of the liquid, V, the molar volume 

of the vapors and V, is the molar volume of the liquid—all at the 
same absolute temperature T. 

If the temperature is quite far off from the critical temperature, 

V, will be negligibly small as compared to V, and equation (4.2) 


becomes 
EX oU 243) 
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If it is assumed that vapors behave just like an ideal gas, 
RT 


ha | o.. (44) 
Substituting this value in eqaation (4.3) 
AP _ AHP 
dT — TORT 
1 dP - AH, 
or P IT RB +++ (4.5) 


Binds. evu elar Ai a AE 
P dT dT 
Therefore, equation (4.5) becomes 
dinP H, 
d A eod idi 
This equation is known as the Clausius-Clapeyron equation. 
Assuming AH, to be a constant, equation (4.6) can be integrated as 


AH, far 
Jane- A7 1 [+ S7 
AH, |o. 
IP —.- AP. 4 ¢ Ls (4.8) 


"where C' is a constant of integration. Converting the natural loga- 
rithm to the base 10, 
AH, (1 


or loguPo — e (=) +¢ +» + (4.9) 


where C is another constant. : 
Equation (4.9) is similar to the equation for a straight line, Hence 


plot between logioP and L should be a straight line with the 


—AH, : 
2:303R and intercept 
on the y-axis equal to C. Such a plot 
for various liquids is shown in Fig. 4.5. 
The results are in agreement with 
equation (4.9). 

Equation (4.9) can also be written in 
a more convenient form. This is done 
by integrating equation (4.6) between 
the limits P, and P; which are the 
vapor pressures corresponding to the 
temperatures 7; and 72 as given Fig. 4.5.- Plot of logs P vs 


below: 1/ PX10* for various liquids. 


‘slope equal to 


Log,P —- 
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Ti 
P, AM | 1 ] 
n Pi TRUCO Le 
2 
_ AMT 75-71 
RER TT, 
Pa AH, [ 1?—Ti 
3-——4n3p|———— ++. (4.10 
of Josie p= 2.3038 L 777; G1) 
Equation (4.10) permits the calculation of AH, if the values of 
vapor pressure, P; and P2, are known at the temperatures, 7; and 
T» respectively. Alternatively, if AH, is given, pressure at any 
desired temperature can be calculated by knowing the vapor pressure 
at other temperature. 
Problem 4.1. The vapor pressure of methyl chloride between —47°C and 
—10°C’can be represented by an equation 
-114 
log Pmm= y z +7.481 
What is the heat of vaporisation of the liquid in calories/gram? 
Solution. Since A H,— —2.303X 1.987 X slope 
Again in the equation A 
log Pmm=— p x7.481, slope=—1149 
Therefore, AHy=—2.303X1.789X(—1149) 
=5258 cals/mole. 
Now, molecular weight of methyl chloride=50.5. 
Therefore, heat of vaporisation per gram of the liquid 
5258 _ 
—305 —104.1 cals. 
Problem 4.2. The vapor pressure of ethanol is 135.5(mm at 40°C and 542,5 
mm at 70°C. Calculate the molar heat of vaporisation and also vapor,{ pressure: 
of ethanol at 50°C. 


Solution. Since log =e = Stic (Ae ) 
1 = 1 


Here P,—135.5 mm, P,—542.5 
T,—2734-40—313K. T,=273+70=343K 
R=1.987 cals and AH,—? 

Substituting the various values, 


log 525. .— AH, (343—533 
8 135,5 ^ 2.303x 1.987 343X313 
or AHy=98 


Therefore, molar heat of vaporisation of ethonal is 9877 cals. 
Again, to calculate vapor pressure of ethanol at 50°C, we make us? of the 
same equation i.e., 
Pi AHy ( Tra) 


log p= 2303 [V T7, 
Here AAy=9877 
P,=542.5 mm P=? 
T:=343K T,=273+50=323K 


and 3 R=1.987 cals. 
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Substituting these values 


PaCS KY ORT, a1 243 2) 
: £ P, C2303X1.987V 343x323 
or P,=221.2 mm. 


Therefore, vapor pressure of ethanol at 50°C=221.2 mm. 
4.2.-.BOILING POINT 


The boiling point of a liquid is defined as the temperature at which 
vapor pressure of the liquid becomes equal to the external pressure. 
Consider, for example, water as the liquid at an atmospheric pres- 
sure of 760 mm Hg or l atmosphere. On heating the water, its 
vapor pressure gradually increases. At 100°C, the vapor pressure of 
water becomes 760 mm Hg. Hence, water will boil at a temperature 
of 100°C because at this temperature, its vapor pressure becomes 
equal to the external pressure. If the external pressure is 1 atmos- 
phere, the term normal boiling point is used. 

Boiling point relationships. The following are some important 
relationships with boiling point: 

(i) The boiling point of a liquid Tp, at. 1 atmospheric pressure, is 
about two-thirds of the critical temperature i.e., 


. met 3 Tc 
or 750.667 Te «+. (4.11) 
Both the temperatures should be expressed in absolute degrees. 


(ii) The ratio of molar heat of vaporisation in calories of a liquid 
to its normal boiling point on the absolute scale is constant i.e., 


AH, > 

Th =Constant 
The constant for most of the Jiquids is approximately equal to 21. 
Therefore, zi * ~21 cals mole! deg^! +++ (4.12) 


Equation (4.12) is known as the Trouton’s Rule, The quantity 
AH, 
b 

Trouton's Rule is approximately correct and a few liquids obey it. 
It has no theoretical justification. 


Problem 4.3. The normal boiling point of benzene is 353.3 K. Assuming the 
applicability of Trouton's Rule, estimate fhe boiling point of liquid under a 
reduced pressure of 25 mm. 


Solution. According to Trouton's Rule, 
AHv 
Tb 
Here Te=353.3K, | AHy-? 
"Therefore, A Hy353.3x 212 7419.3 cal/mole. 


is called as the *entropy of vaporisation." 


= 
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ms order to determine the boiling point of benzene under a reduced pressure 
of 25 mm 


log P = AH Tir Ti ) 
P,~ 2.303R \ T 
Here P,=760 mm - P,725 mm 
? 7T,=353,3 K T=? 
AHy=7419.3 cal/mole . and R=1.987 cals. 
Substituting these values, 


log .760 — 7419.3 353.3—T, 
25 ^ 2.303X1.987 V 7,X353.3 
or 7,2267.1K 


Therefore, boiling point of liquid under a reduced pressure of 25 mm 
7267.1 K. 


4.3. SURFACE TENSION 


Consider a molecule, 4, in the interior of a liquid. It is being 
attracted by neighbouring molecules equally in all directions and 
thus the resultant force on it is zero. Now 
consider another molecule, 5 at the sur- 
face. Itis experiencing a resultant force 
downward because of greater attraction for 
molecules in the liquid than for molecules 
in the vapor above the liquid. This is the 
case with all the molecules at the surface. 
Asa result of this inward pull, all the 
molecules at the surface tend to go down 
and in doing so make the liquid behave as 
Fig. 46. Force acting on if it were enclosed by a membrane or skin. 
.a molecule in a liquid. Thus the surface of the liquid tends to 
Y contract to have the minimum surface area 
possible. This force in the surface of a liquid is called surface tension 
and is defined as the force in dynes acting at right angles upon a line 
of I cm-length in the surface. It'is because of surface tension that 
falling water droplets in vacuum and the mercury particles on a 
smooth surface acquire spherical shape (4 sphere occupies a smallest 
area for the given volume). : 


Since every liquid has a tendency to decrease its surface area, 
therefore, it is necessary to do work against the inward pull and to 
bring molecules from the interior of the liquid in the surface in 
order to increase the surface area -of the liquid. To obtain an 
. expression for this work, consider a film of liquid stretched on a 
rectangular wire frame, one side of which is movable. 


Let a force, F is applied perpendicular to the movable side to 
move it against the force of surface tension. If the wire moves a 
distance, dx, the work done, W is given by 


W=Fdx vip 24: (4:13) 


ec 
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This causes an increase in the surface area of the film given by 
AA-—Xx dx) «ee (4.14) 


where / is length of the film. The factor 2 is introduced because 
there are two sides of the film. 


Liquid film 


7777 a 
E 


Movable piston 


Fig. 4.7. Calculation of force on a liquid surface, 


Since the force Fis applied against the force of surface tension 
acting on the film, therefore, if y is the force per centimetre along 
thefmovable wire, then 


F=y X21 ` hava (ARTS) 


OE i si dion ) 
Y= “Unit length 


Therefore, W=y.2ldx 
=y. 4 (vide equation 4.14) 


Ww Work 
or Te mg TE a e e (4.16) 


From equation (4.15), surface tension is defined as. the force in 
dynes acting per unit length and from equation (4.16), it can be 
defined as the work in ergs required to generate a unit increase in 
surface area. The units of surface tension are dynes/cm or ergs/cm?. 
SI units of surface tension is newton/m. 


Measurement of Surface Tension 

The various methods which are commonly employed to determine 
the surface tension of a liquid are: 

(i) The capillary rise method. This method is based on the 
fact that any liquid such as water which wets the walls of a glass 
capillary tube will rise in the tube when the tube is placed in the 
liquid. On the other hand, if aliquid such as mercury which does 
not wet the walls ofthe capillary tube will not rise and show a 
depression in the level of the liquid in the capillary tube. The rise 
or fall of a liquid in a capillary tube is based on the surface tension. 

` Consider a fine capillary tube of uniform radius, r, placed in a 
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liquid that wets the walls of the tube. Because of force of surface 
tension, y, which acts along the inner 
circumference of the liquid, liquid 
will rise. The liquid keeps on rising 
until upward force, Fi, due to surface 
tension is balanced by the down- 
ward force, Fz, due to the weight of 
the liquid. 

Since the force due to surface ten- 
sion is acting at an angle 6, known 
as contact angle, the upward force. 
Fi,is given by 

Fi—2nr. Y cos 0.. . (4.17) 
Fig. 4.8. Capill i h "3 P F : 
far ncas Prea hee n If the liquid rises a height A in the 
tube above the level. of the liquid 
outside, the downward force, Fz, is given by 
Fi—nr^hh dg «+ (4.18) 


where d is the density of the liquid and g is the gravitational force. 
At equilibrium, the two forces are equal. 


Therefore, FF 
From equations (4.17) and (4.18) 
2nr.Y cos 9=nr2.h dg 


1 
or Y ane on h dg wee (4.19) 


For many liquids, 6 is approximately zero. 
Therefore, cos 0—1 

and y=trhdg .. . (4.20) 
From this equation, surface tension of a liquid of known density 


can be calculated by determining the height to which it rises in the 
tube of known radius. 


For accurate works, the following two corrections should be 
made: 
(i) Correction for the volume of the meniscus. 


(ii) Correction for the density of the vapors collected above the 
liquid. Considering these corrections, equation (4.20) is modified as 


v=i{ t+) dre 4 (4.21) 
where d; is the density of the liquid and d, is the density of the 


vapor above the liquid. 


This is the most accurate method for determining surface tension 
of a liquid. 
Problem 4.4. The radius of a given capillary is 0.0335cm. A liquid whose 


density is 0.866 grams/cm® rises to a height of 2.0 cm in the capillary when it is 
dipped in the liquid. Calculate the surface tension of the liquid. 
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Solution. Since y=}rhdg - 

Here r=0.0335 cm, h=2.0 cm. 

d=0.866 gram/cm® and ¢=981 

Therefore, y=4X0.0335X2.0X0.866X981 ; 

=28.46 

Thus, surface tension of the liquid=28.46 dynes/cm. 

Problem 4.5. At 20°C, the surface tension of chloroform is 16.2 dynes/cm. 
The densities of liquid and gas at the same temperature are 0.9188 gm/cm? and 
0.0110 gram/cm?. If the radius of capillary is 0.105 mm, what would be the height 
of the liquid in the capillary, angle of contact being zero? 


Solution, 1=4( h+ x) (di—dy) gr. 


Here y=16.2. h=? 
dı=0.9188, dy=0.0110, 
g=981 

and r=0.0105 cm. 
Substituting these values, 


16.2= zl ee el (0.9188—0.0110) 9310 0105 


or h=3,46 

Thus, liquid rises to a height of 3.46 cm in the capillary. 

(ii) The drop-weight method. This method is mainly employed 
to compare the surface tensions of two liquids. 

In this method, the liquid whcse surface tension is to be deter- 
mined, is allowed to pass drop by drop through a capillary tube 
held vertically. Every drop coming out of the capillary tube grows 
spherically in size and attains some definite weight. When the weight 
of the drop becomes equal to the force of surface tension, acting: 
along the circumference of the capillary tube, it falls. 

The relationship between the weight of the falling drop. (W) and 
surface tension (y) is given by the expression 


-We 
rx . 2. (4,22) 


where f is equal to AW , Y being the volume of the drop and r its. 


radius. 

In actual practice, it is difficult to determine all the factors on the 
right hand side of equation (4.22). Thus, for convenience, surface 
tension of two liquids flowing separately through the same capillary 
tube, is compared. 

If yı is the surface tension of one liquid and y, is the surface ten- 
sion of another líquid, the two are related by the expression 


qus WA e ; 

oc Wa ... (4.22) 
whee W; and W? are the weights of drops of liquids 1 and 2 respec- 
tively. : 
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The instrument used for the purpose is known as the stalagmo- 


meter and consists of a bubbled capillary tube as shown in the Fig.. 


‘4.9. The tube, after it has been thoroughly washed and dried, is 
filled by sucking upto some certain mark A with the Jiquid whose 
- "surface tension is to be determined. The liquid is then allowed to 
fall very slowly in the form of drops which are collected in a weigh- 
ang bottle. The number of drops falling at the rate of one to two 
‘seconds is counted and their weight is determined. If W; and W2 
*are the mean weights of drops of the two liquids and yı and y2 are 
their surface tensions respectively, they are related to each other by 
equation (4.22). 


(a) (5) 
Fig. 4.9. (a-b) Stalagmometer. 


It i''more convenient to determine the number of drops formed 
by a definite volume of a liquid than to determine the weight of the 
drop. 

Let nı and nz be the number of drops of equal volumes (say V) of 
two liquids 1 and 2 of densities dı and d» respectively. 

The mean weight of drops of liquid 1 is given by 


Wi xd, 2. (4.23) 
and the mean weight of drops of liquid 2 is given by 
Wi I xd a. (424) 
ng 


(~ weight of drop- volume of drop x density) 


cte cuni owe 
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Therefore, equation (4.22) becomes 


x Wa ae xdi 
uz Wa Bd Xd; 
n2 
Yı ding 
or WS ++» (4.25) 


From equation (4.25), knowing the surface tension of one liquid, 
usually called the reference liquid, the surface tension. of the other 
liquid can be calculated simply by knowing their densities and the- 
number of drops formed by the equal volume of the two liquids, 

(ii) The Tensiometric or Torsion balance method, In this 
method, a platinum ring about 4 cm in circumference is immersed in 
the liquid to be tested from the end of the beam of a torsion balance: 
and the force required to separate the ring from the surface of the: 
liquid is then measured. The force f, required for this separation, 
is related to the surface tension of the liquid by the expression 


f—Yx20nr) 2. (4.26): 


where (2nr) is the circumference of the ring of radius r. The factor 
2 is introduced because the force due to surface tension is acting at 
both the inner and the outer circumference of the ring. 


From equation (4.26), : 
i EG, 4 
mers 2 (4.27) 
So knowing f and r, y can be easily calculated. 


This is the quickest method for determining the surface tension of 
a liquid and requires only small amounts of liquid. 


TABLE 4.1 

Surface tension of liquids at 20°C. 
Liquid I073N[m) Liquid Y/(0-3N]m) 
Acetone 23.70 Ethyl Ether 17.01 
Benzene 28.85 n-Hexane ' 18.43 
Carbon tetrachloride 26.95 Methyl alcohol 22.61 | 
Ethyl acetate 23.90 Toluene 28.50 s 
Ethyl alcohol 22.75 Water 72.75 


Problem 4.6. In the determination of surface tension of a liquid, A, by the- 
drop weight method using a stalagmometer, A gave 55 drops while water gave 
25 drops; volume of the two liquids being the same. The densities of water and 
A are 0.996 and 0.800 gm/cm? respectively and the surface tension of water is- 
72.0 dynes/cm. What is the surface tension of A? 
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Solution. 
Since m 2m. 
Ya aH; 

Here Ya=72.0 dynes/cm 

d,=0.996 

19—25 

1 
d,=0.800 
and m —55 drops 
Substituting these values in the equation, we have 
0.80025 
i7 2X0 996x55 =26.3. 


Therefore, surface tension of liquid A=26.3 dynes/cm. 

Variation of surface tension with temperature. The surface 
tensions of all liquids decrease with increasing temperature and 
become zero at the critical temperature because at the critical tem- 
perature, there is no surface of separation between the liquid and 
the vapors. To represent the variation of surface tension of a liquid 
with temperature, many equations have been proposed. Some.of 
them are given below: ; 


(i) Eötvös equation (1886). According to this equation, 
"BOE 
(A) =K(te—t) ... (428) 
e 


where y is the surface tension of the liquid at temperature T and K 
is a constant independent of temperature. M, d; and te are the mole- 
cular weight, density and the critical temperature of the liquid. 


A M Y. M 20 . À 
Since ( 7) is the molar volume, the factor (3) is proportio- 
nal to the molar surface area of the liquid and the product, 

NENA, 
Y (4) gives the molar surface energy. 
+ 

From equation (4.28), molar surface energy varies with tempera- 
ture in a linear manner and becomes zero at the critical tempera- 
ture. 

(i) Ramsay-Shields equation (1893). The equation proposed 
by W. Ramsay and J. Shields, is a modification over the Eótvós 
equation and is expressed as: : 

213 
(2) =(t—t—6) v= (4.29) 
h 

This equation holds good for many liquids. According to this 
equation, y will be zero at a temperature 6? below the critical. point 
and will become negative at the critical point. 

(iii) Katayama’s equation. Katayama replaced (t-—6) by fe in 
the Ramsay-Shields equation to obviate the difficulty that Y is zero at 


oom XB 
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t=t,—6 and proposed the following equation 


M 2/3 y B i 
(25) =K(t-—1) <.. (4.30) 
where d, is the density of vapor above the liquid at temperature f. 
(iv) MacLeod’s equation (1923). The equation is 
y=C(di—-d,)* ++» (4.31) 


where d; is the density of the liquid and d, is the density of the 
vapors--both measured at the same temperature. C is a constant, 
characteristic of each liquid but is independent of temperature. 


This equation holds good with accuracy over a large temperature 
range for liquids which do not associate or dissociate. 


In equations (4.28), (4.29) and (4.30), the value of the constant, 
K, was found to be 2.12 for all liquids that behave normally. How- 
ever, those liquids such as water, alcohol, carboxylic acids etc., 
which are associated, gave not only abnormally low values of K but 
also showed variation of K with temperature. For some liquids which 
dissociate, the value of K was found to be higher than 2.12. 


Interfacial tension, The surface tension measured against 
another immiscible or partially miscible liquid is referred to as inter- 
facial tension. Consider two immiscible liquids A and B in contact 
with each other. If ya and yp are their respective surface tensions, 
then the interfacial tension y4» exists at the boundary between the 
two layers. Interfacial tension can be measured by the same methods 
that are employed for determining the surface tension of the pure 
liquids. For instance, in the drop weight method, the drops of the 
liquid may be counted in the liquid against which the interfacial 
tension isto be measured. The interfacial tension value yg is gene- 
rally intermediate between the surface tensions of the two liquids, y4 
and ys. It is given by yas=ya—ys. Sometimes interfacial tension 
may be lower than the surface tension of the either liquid. For 
example, at 20°C, the surface tensions of water and carbon tetra- 
chloride are 72.75 and 26.8 respectively. Their interfacial tension is 
equal to 45.0, which is very nearly equal to the difference of their 
surface tensions. But in the case of water and ethyl ether, the inter- 
facial tension at 20°C is 10.7 which is lower than the surface tensions 
of water and ethyl ether at the same temperature (surface tensions 
of water and ethyl ether at 20°C are 72.75 and 17.0 respectively.) 
The phenomena of interfacial tension is of considerable importance 
in connection with the properties of emulsions, detergents, foams 
etc. 

Problem 4.7. From the following data 


` EG dt gm/cm? y dynes/cm 
0°C 0.927 4.5 
20°C . 0.772 1.16 


Calculate £c for carbon dioxide using Ramsay equation, © 
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Solution. According to Ramsay equation 
2p 
(I) -x«——9 
M=44 
Substituting the various values from the data at 0°C (273.16 K) 
45( 4 Y^ = Ki1e—Q273.16+6 
5( 4357) — K[te—(273.16--6)] 
or 140.85 = K(1.—279.16) 
Similarly, substituting the various values at 20°C (293.16 K) 


1 16( wa) =Kit—e293.16+ 6) 

3 0.772 
or 36.31— K[.—(299.16)] 

Taking the ratio of the two equations, 
140.85 — ((,—279.16) 

36.31 ^ (1299.16). 

or 1,3061 K 
233°C, 


4.4. VISCOSITY OF LIQUIDS 


All liquids exhibit a certain resistance or opposition to flow known 
as viscosity. The viscosity results due to the internal frictional forces. 
of the liquid. Since in every liquid, there are strong attractive cohe- 
sive forces between the various molecules, therefore, when a layer is 
moving faster than the other layer, then due to the strong attractive 
forces, there is slowing down of the faster layer. 

Consider the laminar flow of a river. It is observed that the layers 
of water adjacent to the banks of a river are stationary. But as the 
distance from the banks increases, the velocity of flow of water also 

^ increases and becomes maximum at the centre of the river. Now a 
layer which is moving slowly will try to slow down the motion of 
the adjacent layer and thus there will be some sort of frictional force: 
between the two layers. 


~The frictional force, f, opposing the relative motion of two 
adjacent layers is 


«S (the area of interface between the two liquid layers) 
and of (velocity gradient). . 


On combining the two, 


or J=7 5. — sik os» (4.32) 
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where y is a proportionality constant known as the coefficient of 
viscosity. This is characteristic of each liquid and decreases with 


Fig. 4.10. Flow rate in a river. 


increase of temperature. 
Equation (4.32) can also be written as 
_ SIS 4.33 
Ae dx BU: 

From this equation, coefficient of viscosity can be defined as the 
force in dynes per unit area required to maintain a unit difference of 
velocity between two parallel layers of a liquid, one centimetre 
apart. / 

If the coefficient of viscosity is high, the liquid does not rapidly 
flow and is viscous, for example, glycerine, honey, etc. But, if. 
coefficient of viscosity is small, the liquid flows easily, for example, 
water. 


Units of 5 

vete esf. -( dynes 1 le ae 
COT dydx — om?) X (cm/sec) * (Jen) S d tesis 

—poise. 


When a force of one dyne can maintain a velocity difference of 
one centimetre per second between two adjacent layers of a liquid, 
one centimetre apart and having an area of interface one square 
centimetre, the liquid is considered to have a coefficient of viscosity 
of one poise. 

(Poise is from the name of Poiseuille who originated the idea of 
viscosity.) 

The SI units of viscosity is Newton second per square metre 
(Nms~O). This is also 1 Pascal second (1 Pas). 


Determination of Coefficient of Viscosity 


There are two methods which are generally employed to determine 
the coefficient of viscosity of a liquid. These methods are based on 
either the Poiseuille equation or Stokes equation. 
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(i) Method based on Poiseuille equation. Poiseuille in 1842 
gave an equation that gives the relationship between the coefficient 
of viscosity and rate of flow of a liquid through a long and thin 
tube. The equation is 


nPr^t 
7— 3I; «es (4.34) 
where v is the volume of the liquid issuing in time t through a 
capillary tube of radius rand length L under a constant driving 
pressure of P dynes/cm?. 


To measure of a liquid by this method, it is not necessary to 
determine all the quantities on the right hand side of equation (4.34). 
We measure the viscosity of one liquid relative to some other refe- 
rence liquid, generally water whose coefficient of viscosity has been 
determined accurately. The usual procedure is to determine the 
time of flow of fixed volume of two different liquids through the 
same capillary tube and then compare the two time flow. 

If nı and yp are the coefficient of viscosities of two different liquids 
of densities, dı and dz respectively and 1; and 1? are the times of flow 
of the same volume (say v) of the two liquids, then from Poiseuille's 
equation 


LL nPirtti 
m= Ey 
= 4 


where P; and P are the pressures on the liquids 1 and 2 respectively. 
Taking the ratio of the two equations 


m nPr 
Mr - «2 (4.35) 


But, since pressure « density of the liquid, 
Pixd; and P2xd2 
.'. Equation (4.35) becomes 


m _ hdi 
A es 2. (4.36) 

From equation (4.36), nı can be calculated if m2, di and dz are 
known and f; and tz determined. 

The times f, and t are easily measured with the help of an instru- 
ment known as Viscometer. A simple form of viscometer designed by 
Ostwald is shown in Fig. 4.11. A definite volume of the liquid whose 
coefficient of viscosity is to be determined is introduced into bulb C. 
It is then drawn up by suction into the bulb 4 and the time taken 
by the liquid to flow between the marks x and y is accurately 
measured with the help of a stop watch. Tke viscometer is then 
thoroughly cleaned, the other liquid of known viscosity is introduced 


own US 
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and the whole operation is repeated. The viscometer is always placed 
in the thermostat to maintain constant temperature. Knowing t, and 
t2, coefficient of viscosity of the liquid is calculated from equation 


(4.36). 


Fig. 4.11(a-b). Ostwald Viscometer. 


(iii) Method based on Stoke's equation. Stoke's law deals 
with the fall of a solid body through a liquid. When a spherical 
body of radius r and density ds falls under gravity through a liquid 
of density dj, it is acted on by the gravitational force, f, given by 

fi weight of spherical body —weight of liquid displaced 
=$nr xd; Xg—$n? Xd Xg 
=$rr? (d,—d)g «++ (4.37) 

The body falling under the gravitational force is opposed by the 
frictional forces within the liquid. Hence it does not fall with a 
continued increase of velocity. The body acquires a constant velo- 
city, called the terminal velocity when the gravitational force, Sy 
with which the body falls is just balanced by the frictional force, f2, 
acting upwards, f? is given by 

fa nro «+ + (4.38). 
where v is the terminal velocity and » the coefficient of viscosity. 

At equilibrium, f1—f; 

From equations (4.37) and (4.38), 
Snr? (ds—d)g=6nryv 


ya 20 dye 


= ... (4:39) 


or 
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Equation (4.39) is known as the Stoke's equation, and is the basis 
of the falling sphere viscometer which is shown in Fig. 4.12. The 
liquid whose coefficient of viscosity is to be determined is filled in 
the viscometer tube V. A small steel ball is then passed through the 
neck of the tube and the time taken by it to fall between the marks. 
a and b is measured with a stop watch. If / is the distance between 

the marksa and b and ¢ is the time of 
fall between these two marks, v is given 
by r 


t 


and equation (4.39) becomes 
2r? (ds—di)g 
of < . (4.40) 


If the experiment is repeated with the 
same sphere and another liquid of known 
$ density and viscosity, then from equation 
Fig. 4.12. Falling sphere (4,40), the ratio of the two viscosities is 
viscometer. E 

given by 


m — ti (ds—di) : 

pet ae NI SQ) . e . (4.41 
Yl 12 (d,—4,) a 
where d; and d; are the densities of the two liquids, 


Thus knowing viscosity of one liquid and the times of fall of the 
same ball through two different liquids of known densities, the 
relative viscosity of the other liquid under study is easily calculated. 


The ratio es , calculated from equation (4.41) or (4.42) is known. 


as the relative viscosity of liquid 1 with respect to liquid 2. 
Viscosities measurements of solutions of polymers are normally 

utilised to determine the molecular weight of polymers. If 7 is the 

viscosity of a solution at concentration c and o is the viscosity of 


pure solvent, then the ratio 717. is known as the specific viscosity 


70 
(asp) of the solution is defined as 
NAN 
wow 22:42) 


Msp is found to vary with concentration in an approximately linear 


manner and the function "SP is nearly constant. The value: 


c 
7 x : 
(2), , Obtained by extrapolating a plot of m against con- 


centration to zero concentration, is known as the intrinsic viscosity, 


[a]. 


La 
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Fluidity (4). This is the reciprocal of viscosity i.e. 
=> we» (4.43) 
Fluidity is a measure of the ease with which the liquid flows. 


Variation of Viscosity with Temperature 

Liquids, unlike gases, show a decrease in viscosity with increase 
in temperature. The variation of y 
‘with temperature is expressed by 
means of an empirical equation, 
namely 


lop 7-4 4B... (4.43) 


fog ?—— 


where 4 and B are constants for 
a given liquid and T is the absolute 
temperature. According to this 
‘equation, a plot between log x and TU 


1 
T "m 
‘shown in Fig. 4.13. This has been 
verified for a large number of pure liquids. 

The viscosity of liquids has been found to decrease for each degree 
rise in temperature. The viscosities of a few liquids at temperatures 
are given in Table 4.2. 


1 E 2 
— should be a straight line as Fig. 4.13. Plot of log » vs 


TABLE 4.2. 
Viscosities of Some Liquids (millipoise) 

Liquids 0c 20°C 25°C 30°C 
Acetic acid 12.22 11.60 10.40 
Acetone 4.01 3.31 3.16 2.95 
Benzene 9.0 6.50 — 5.61 
Carbon Tetrachloride 13.40 9.70 — 8.45 
Chloroform 7.00 6.25 5.60 5.10 
Ethyl alcohol 17.73 12.00 — 10.03 
Methyl alcohol 8.10 5.93 5.47 5.10 
Toluene 7.72 5.90 — 5.26 
m-Xylene 8.06 6.20 — 4.97 
o-Xylene 11.05 8.10 — 6.27 
p-Xylene = 6.48 — — 
Hexane 20.5 18.4 17.90 — 


Uses of Viscosity 


Viscosity finds numerous applications in the field of chemistry, 
biochemistry and pharmacy. Lubricants are graded according to 
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their viscosities. The measurement of viscosity of colloidal solutions. 
may provide some evidence of the molecular weight of the particles. 
The technique is employed to a considerable extent in the study of 
colloid systems, because the experimental method is relatively 
simple. 

The viscosity of a liquid or solution affects the rate at which the 
sensitive components can suffer oxidation at the liquid surface. For 
example ascorbic acid in aqueous solution is decomposed in a few 
hours on exposure to air, but in the form of syrup it may be preserved 
for some time, because the increased viscosity makes access to air at 
the surface more difficult. 

Problem 4.8. The time of flow of water through an Ostwald viscometer is 1.52 
minutes, for the same volume of an organic liquid of density 0.800 g/cc, it is 2.25 
minutes. Find the viscosity of the liquid relative to that of water and also 
absolute viscosity at 20°C. Density and viscosity of water at 20°C are 1 gram/cc 
and 1.002 107? poise respectively. 

My = hdi 
fi L'A 
(i) to determine viscosity of the liquid relative to that of water, 
Here 1,—1.52 min., d, —1.0 gram/c.c., 
t,=2.25 and d,=0.800 gm/c.c., 

2152 or 0.844 

et 1.3 1.0 
or 17 2: 0.844: 1.0 
(ii) to determine absolute viscosity at 20°C. 
Since viscosity of water at 20°C=1.002X10-* poise 


Solution. Since 


EN 73 — viscosity of liquid 
E E 7,— viscosity of water 
..1.002x 1072x(0.8x2.25 


St 1.0x 1.52 
—1.187X 10^? poise. 


Problem 4.9. A steel ball of density 7.99 gram/c.c., and a diameter of 4 mm 
requires 53 seconds to fall a distance of 1 metre through an oil of density 1.10 
gm/c.c. Calculate the viscosity of oil in poise. 


« E, 
Solution. quat OR 
Here r=0.2 cm., ds=7.99 gram/c.c. 


d:=1.10 gram/c.c., /—100 cm., 
1—53 seconds and g—980 
Substituting the various values, 
` 2X(0.2) (7.99—1.1) 980 
ET 9x10053 — 
—31.39 poise. 


PROBLEMS 


1. Explain the following: 
(a) Gases are more compressible than liquids. 
(b) The effect of temperature on the condensation of a gas. 
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(c) The effect of pressure on condensation of a gas. 
(d) Liquids diffuse very slowly. 

2. At 25°C, 10 litre of dry air is bubbled slowly through 115.2 g. of a pure 
liquid whose molecular weight is 420 g/mol. The remaining liquid weighed 
113.1g. Assuming the vapor to behave ideally and the volume to be approxi- 
mately equal to that of the dry air, calculate the vapor pressure of the liquid. 

Ans. 0.043 atm. 


3. (a) Would molecules with high mutual attractions be expected to have a 
high or low vapor pressure? Why? 


(6) The equilibrium vapor pressures at 20°C for some of the compounds are 
listed below: 


Vapor pressure 
H,O 17.5 mm Hg 
cch, 91.0 mm Hg 
CHCl; x 160.0 mm Hg 
which compound has the least and which compound has the greatest molecular 
attraction? Ans. H,O greatest; CHCl, least. 


4. What do you understand by surface tension of a liquid? What are its units 
and dimensions? Give one experimental method for its determination, 

5. What do you understand by interfacial surface tension? How is it deter- 
mined experimentally? 


6. A capillary tube of radius 0.01 cm. is dipping through in a two-layer 
system consisting of water and benzene, the liquid meniscus rises. by 4 cm. 
Calculate the interfacial tension between water and benzene. Given that the 
glass-water-benzene contract angle is 40° and the densities of water and benzene 
are 1.00 and 0.80 respectively. Ans. 5.1 dyne/cm. 


7. Define parachor and discuss its use in the elucidation of molecular 
Structure. 
8. Define coefficient of viscosity. How does it vary with temperature? 
9. Give one method for the determination of viscosity of a liquid. 
10. Write short notes on the following: 
(a) Boiling point of a liquid. 
(6) Trouton's rule. 
(c) Intrinsic viscosity. 
11. Select the term that is best associated with each of the following 
definitions, description or specific examples. 
(A) distillation (B) immiscible (C) surface tension (D) viscosity. 
(a) not mutually soluble. 
(5) resistance to flow. 
(c) can be measured by a capillary rise method. 
(d) boiling followed by condensation. : 
Ans. (a) (B) (b) (D) (c) (C) (d) (A). 
12. The surface tension of water is 7.28 10-? Nm-! at 20°C and 5.89*10-* 
Nm-*at 100°C. The densities are respectively 0.998 g cm~? and 0.958 g cm-?. To 
what height will water rise in tubes of internal radius (2) 1 mm (5) 0.1 mm? 
y Ans. (a) 1.49 cm (b) 1.25 cm 
13. A glass tube of internal diameter 1.00 cm surrounds a glass rod of diameter 
0.98 cm. How high will water rise in space between them? 


14. Calculate the surface tension of a solution of wetting agent which has a 
density of 1.008 g/cm? and which rises 6.60 cm in a capillary tube having an 
inside radius of 0.02 cm. 


Ans. 65.2 dynes/cm. 


Chapter 5 
THE SOLID STATE 


5.1. INTRODUCTION 


Crystals are objects of wonder. They have fascinated man since 
earliest times and their use almost certainly predates recorded 
history. They served as ornaments, medicines and tools. In more 
advanced societies crystals have more sophisticated uses such as for 
lenses, curios and even windows. We live ina world of crystalline 
materials. The colors of wall paint and gemstones, the texture of 
fudge and ice cream, the strength of bridge cables, the shapes of 
gallstones. and hailstones, the hardness of diamond and the shiny 
appearance of metals are all determined by crystallographic pro- 
perties. It is important to differentiate, natural, synthetic and imita- 
tion crystals. Natural crystals are found in nature—in rock beds, 
loose sediments and natural waters. These crystals are of minerals 
which are naturally occurring chemical compounds with a charac- 
‘teristic crystal structure and a composition that varies within defined 
limits. Synthetic crystals are manufactured from simple or complex 
components. The word synthesis literally means ‘‘put together.” 
Thus a synthetic gemstone can be chemically, physically and struc- 
turally identical to natural counterpart. The only difference is that 
the synthetic was made by man, rather than by nature. Identification 
of a synthetic is possible only because the growth method generally 
introduces characteristic defects, inclusions or other visible features. 


An imitation is a material with properties that mimic those of a 
different more costly material. Thus red glass is widely used imitation 
. ruby. Synthetic ruby, however, is not an imitation. 


Crystals are of immense importance to man. Most watches contain 
-a number of ‘‘jewels”’; they are made of synthetic ruby. Portable 
radios and TV sets, minaturised hearing aids, auto ignitions, tele- 
phone systems and thousands of other devices contain ‘‘solid state” 
components small chips of single crystals with a complex fabrication 
history. Man made crystals are so important that without them 
civilisation as we know it would not be possible. 


5.2. CRYSTALLINE STATE 


It was thought until recently that all solids were crystalline and that 
there were no truly amorphous solids. Riby has shown that the solid 
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state must include both crystalline and amorphous substances. 
A crystalline solid is characterised by the three criteria: 
(i) a definite melting point, 

(ii) a definite heat of fusion, and 

(iii) a definite crystal lattice. 

However, it is not always possible to tel] by the external appear- 
ance alone whether a substance is crystalline or amorphous. Many 
substances when ground to a fine powder appear to be amorphous; 
but examination under a microscope will show the structure to be 
crystalline. The substances which are rigid but do not conform to 
the above requirements are called **amorphous solids. "The examples 
of amorphous solids are glass, rubber and solid glue. Theterm amor- 
phous has been adopted from the Greek and means ‘‘shapeless” i.e., 
‘the substance has no natural geometrical form or a regular internal 
‘structure. The particles of the amorphous substance are arranged at 


"random as in a liquid. Therefore, solid amorphous substances are 


regarded as supercooled liquids. 

Allour discussions of crystal structure shall be based on an 
abstraction called a **perfect crystal." A perfect crystal is one in 
"which the structure is perfectly periodic. In actual practice, crystals 
are never perfectly periodic and the reasons for deviations from the 
ideal behaviour are (1) the finite extent of crystals, (2) the existence 
of structural defects. 


5.3. TYPES OF SOLIDS 


On the basis of the nature of forces that hold the particles together, 
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€ indicates the centre of a sodium ion. 
© indicates an electron. 


(9 indicates the centre of the sodium atom. 
Fig. 5.1. Two representations of the structure of the sodium metal. 
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solids are classified into four main types: (a) metallic solids, (b) iodic- 
solids, (c) covalent soiids, and (d) molecular solids. 


However, this classification is arbitrary, but provides a basis to 
Nd the similarities and the differences in the various types of 
solids. 

(a) Metallic solids. The properties like electrical conductivity, 
malleability and metallic lustre indicate that the metals possess some 
unique electronic structure and bonding. This is referred to as the 
metallic bond. Qualitatively one can assume in a metal, the positive 
ions being closely packed in a sea of electrons. The force of attraction 
between the metal ions and the electrons is responsible for cohesion 
in the metals. A metal can also be regarded as an assemblage of 
positive jons immersed in a gas of free electrons. These electrons are 
the valencv electrons. The structure of the sodium metal is shown in 
Fig. 5.1. The attraction between the positive charge and the electron. 
gas gives the structure its coherence and the free mobility of this 
electron gas under the influence of electrical or thermal stress is 
responsible for the high conductivity of metal. : 

(b) Ionic solids. Ionic solids are made up of positive and negative 
ions. The ions are held Ótogether by ionic bond resulting from the 
electrostatic interaction of oppositely charged ions. However, a 
smaller contribution results from the interaction of the charge of a 
given ion with the polarizability of the neighbouring ions. These 
electrostatic forces result in a completely non-directional pulling 
together of the units of the crystal. The structure, in the case of 
simple ions, can be understood in items of nothing more than the 
efficient packing together of two sets of spheres of different sizes. 

Pauling has shown that the geometric requirements for close pack- 
ing of spheres of different sizes can be simply expressed in terms of 


the radius ratio pe defined in words as the ratio of the radius of 


the smaller ion, ys to that of the larger ion, yz. The radius ratio rules 
for simple ionic compounds of symmetrical valence type are given 


in Table 5.1. , 
TABLE 5.1. 
No. Value for o Coordination Structure 
d: e«0.414 4-4 Zinc Blende or 
Wurtzite 
2: 0.414 p < 0.732 6-6 2 NaCl 
3. p>0.732 8-8 CsCl 


These rules enable us to predict satisfactorily the structure of the 
compound from the relative sizes of the two ions. The exceptions to 
the radius ratio rules may be due to two reasons (a) the ions are not 
rigid spheres, (b) the ions of opposite charges are not in contact. 


ud 
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Formation of an ionic solid. Consider a process. whereby the 
gaseous ions, which are very far apart at the higher temperature, wilb 
condense upon cooling into an orderly three dimensional array inan 
ionic crystalline solid. The energy evolved when one mole of gaseous. 
negative and positive ions are brought together into such a crystal is. 
called the crystal energy or lattice energy. It has been found that the 
potential energy per pair of ions in a crystal latice is not the same 
as that of an isolated pair of ions in free space. When the mutual 
potential energies of all the ions in a crystal are summed up, the 
total energy Er is given by 

AZ,Z.e . B 

Er= A AR "2 OT 
where Z, and Z, are the charges on the anion and cation respecti- 
vely, e is the electronic charge, r is the separation of charges and 4’ 
is a constant called Madelung constant. It is the geometrical correc- 
tion factor and its numerical value depends upon the type of crystal 
structure. B is another empirical constant which is evaluated using 
the fact that the potential energy is a minimum when r—r,;, the 
internuclear separation in the crystal. When one mole of ions is. 
considered, the equation (5.1) for the crystal energy Er becomes, 


2 
Roc arene ( 1-1) 15 2052) 
ro n 


where N is Avogadro's number. 
When a——Z.,—1l 
Equation (5.2) takes the form, 


xs Nae ( Ii—L) pod psa 


ro n 


The crystal energy can be calculated from the available thermo- 
chemical data of a cyclic process known as the Born-Haber Cycle. 
Let us consider the energy for the process 


NaCl (cryst) — Na(e)+CI-(g) wee (5.4) 


The process of equation (5.4) indicated by a dashed arrow im 
Fig. 5.2 can also be accomplished by an indirect route indicated by 
solid arrows. 


a 
NaCl (cryst)<— —Na(g + (e) 
T 
fee Z CHO I | 
Y A Hsu | 
Na (s) ——————— ———Na(g) | —A 
3 | 
iD | 
+ Cb(g).——— -——————-> CK(g) 


Fig. 5.2. Born-Haber Cycle. 
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2 The lattice energy A E(cryst) for sodium chloride can be written 
own as 

4^ E(cryst) —— A Hoy4- A Hsuy4-3D-- 1—A v.5485:5) 
where A Hoy—standard heat of formation of NaCl 

D heat of dissociation of Cl; 
A Hsus—heat of sublimation of Na 
—electron affinity of Cl 

and J=ionization potential of Na 


The validity of theoretical crystal energy calculations cannot be 
directly checked since few independent electron affinity results are. 
available. However, one can calculate the electron affinity of the 
chloride atoms from the data for NaCl, KCI and others. The fact 
that one gets the same electron affinity value within a few per cent 
for all these crystals indicates that the method is sound. The exam- 
ples of ionic solids are NaCl, NaF, LiF and AgCl. 

Problem 5.1. Calculate the lattice energy of cesium iodide which has an 

interionic distance of 3.95A. The values of Ma.ielung constant and Born ex- 
`: ponent for CsI are 1.76 and 12 respectively. 

Solution. The lattice energy Er is given by 

Eye ANAS (1 1) 
To 


= _ OP (1.76)(6.02) x 10%) (4.8 >< 10-29) (- d ) 
ER 3.95X10-9 — 12 


=—5.65X 10" ergs/mol 
or Er=—135 k. cal/mol. 

(c) Covalent solids. The covalent bond is the classical electron 
pair bond. Comparatively few solids are held together exclusively 
by covalent bond. A majority of solids incorporating the covalent 
bonds are also bound either by ionic or van der Waals forces. The 
examples of covalent solids are diamond, silicon carbide, zinc 
'sulphide and silver iodide. 

(d) Molecular solids. In molecular solids, the bonding capacity 
‘of both atoms is saturated and the molecule has no residual capa- 
‘city for further bonding. It is because of the weak forces of 
attraction present in them, that they possess low melting and boiling 
points. These weak forces which originate from dipole-dipole induc- 
tion and London dispersion forces are called van der Waals forces. 
The examples of molecular solids are graphite, mica, argon and 
carbon dioxide. 

Table 5.2 (p. 93) lists the types of solids and their characteristic 
properties. 


5.4. PROPERTIES OF SOLIDS 


For gases, liquids and unstrained amorphous solids such properties 
as index of refraction, coefficient of thermal expansion, thermal and 
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TABLE 5.2. 
Type Nature of bonding Properties Examples 
force 
Metallic . Positive ions ina sea High melting and Na, Cu, 
ofelectrons held by boiling point. Sb and Au 


electrical attraction High thermal and 
between the positive electrical conduc- 


ion and electron gas tivity 
Tonic Coulombic and elec- Brittle, high melt- NaF, NaCl, 
trostatic forces of ing point and con- AgCI, LiF 
attraction ducting ard CsCl] 
Covalent Sharing of electrons Hard, non-con- C (Diamond) 
ducting and high ZnS, SiC 
melting and AgI 
Molecular Dipole-Dipole and Low melting point, C (graphite) 
van der Waals volatile and soft mica. Argon 


and CO, 


electrical conductivity are all independent of direction, The same is 
true of substances crystallising in the regular system. Such sub- 
stances exhibiting the same properties in all directions are said to 
be isotropic. 


However, for substances crystallising in the other crystal systems, 
the above properties may vary according to the axis along which the 
observation, is made. Substances exhibiting directional differences in | 
properties are said to be anisotropic. Solids also exhibit the pheno- 
menon of polymorphism and isomorphism. 


Polymorphism, Many chemically different solid substances exist 
only in a single solid. crystalline form, However, quite often certain 
substances occur in more than one solid modification and undergo a 
change of crystalline form on heating or under pressure, The exist- 
ence of a substance in more than one modification is known as. 
polymorphism and the various modifications are known as Poly- | 
morphs. Carbon exists in the crystalline form as either diamond 
or graphite. Sulphur has been found to exist in a variety of solid 
modifications. Tin and silver iodide are the other common examples 
of substances exhibiting this phenomenon. Polymorphism occurring 
in elements is more commonly referred to as allotropy, A more 
stable polymorph is found to have less energy content and a lower 
vapor pressure as compared with the less stable form. ? 


The allotropic forms of a substance can be converted into each 
other. The way in which the transition of one form into the other 
form takes place leads to the following to various types of allotropy: 


Enantiotropy. This is an example of reversible transformation. 
In this type, conversion of one form in other form takes place at a. 
definite temperature, known as the transition point. One form is 
stable below the transition temperature while the other is stable: 
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above it. Some examples of enantiotropy with transition tempera- 
tures are given below in the Table 5.3. 


TABLE 5.3. 
Substance Form Transition 
temperature (^C) 

Sulphur Rhombic æ Monoclinic 95.6 
Ti Grey æ White 18 

MU White = Rhombic 202.8 

à aw 174 
Zinc per 322 
Ammonium Chloride aep 184.5 
Silver Iodide Hegagonal æ Regular 146.5 
Silver Nitrate Rhombic  Rhombohedral 160 
Mercuric Iodide Tetragonal = Orthorhombic 126 


Monotropy. In this type, transformations are, however, which 
proceed at all temperatures in one direction and there is no definite 
transition temperature. Conversion of ozone into oxygen is a good 
example of monotropy. Thus ozone changes into oxygen at all tem- 
peratures, but a reversal of the process by which the change was 
started does not lead to the reformation of the ozone. 
Dynamic allotropy. Here, two forms exist together in equili- 
rium i.e., one form changes into the other form at exactly the same 
speed as the reverse process takes place. Examples of this type is 
liquid sulphur, which consists of a mixture of two forms of sulphur, 
represented as S7 and Sp, which are in equilibrium with each 
other,’ These forms differ in molecular complexity. 
Isomorphism. For quite long time many pairs of compounds of 
similar composition were known which would also crystallise in the 
same form and were said to be isomorphous. A set of common 
examples are 
CuS KClO; ZnSO4.7H20 
AgS KMnO; MgS0;4.7H20 
K32SO4 Al2(SO4)3.24H20 

and K2S04.Cr2(SO4)3.24H20 

A careful study of such isomorphous compounds led Mitscherlich 
to formulate the law of isomorphism known as Mitscherlich’s Law 
of Isomorphism which states: 

“Substances possessing an equal number of atoms united 
in the same fashion have identical crystalline structure." 


It led to the concept that the crystalline form depends upon the 
number of atoms and the method in which they are united and is 
independent of their chemical nature. From a detailed information 
of the structure of crystals, for any two substances to be isomor- 
phous, following conditions must be fulfilled. 
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(a) The substances must be of the same formula type. 

(b) The relative sizes of the constituent structural units should 
mearly be same. 

(c) The stereochemical form of the radical units, ifany, must be 
‘similar. 

(d) The polarising properties of the structural units in the two 
substances should be almost equal. 


5.5, CRYSTALLOGRAPHY 


Crystallography is the science of crystals which deals with the study 
of their development and growth, their external form, internal 
structure and physical properties. It is based on three fundamental 
laws: (a) Steno’s law of constancy of interfacial angles, 


(b) Hauy's law of rationality of indices, and 


(c) The law of symmetry. 

(a) The law of constancy of interfacial angles, This law 
states that for a given substance, the corresponding faces or planes 
forming the external surface of a crystal always intersect at a definite 
angle and that this angle remains constant no matter, how the 
faces develop. Commonly it is observed that the crystal planes are 
unequally developed so as to produce the faces of variable size and 
shape; but the angle of intersection of any two corresponding faces 
is always found to be the same for any crystal of the same substance. 
The instrument employed for the measurement of interfacial angle 
is called Goniometer. 

(b) Hauy's law. For any crystal, a set of three coordinate axes 


x 


' Fig. 5.3. Identification of Lattice planes by Miller indices. 


can be chosen in such a way that all the faces of the crystal will 
either intercept these axes at definite distances from the origin or be 
parallel to some of the axis in which case the intercepts are at 


infinity. See Fig. 5.3. 
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The law of rationality of indices or intercepts proposed by Hauy, 
States that it is possible to choose along the three coordinate axes 
unit distances (a, b, c) not necessarily of the same length such that 
the ratio of the three intercepts of any plane in the crystal is given 
by (ma : nb : pc) where m, n and p are either integral whole numbers 
including infinity or fractions of whole numbers. 


Let us consider the crystals of mineral topaz, for which four diffe- 
rent parameters have the following values: 

(1). m1 n=1 p=1 

(2) m=1 n=1 p-oo 

(3) m=1n=1 pz 

(4) m=2 n—1 p=% 
and hence the intercept ratios are 

(1) a:b: c 

(2) a:b:coc 

(3) a:b:$c 

(4) 2a : b : œo c 

For any particular plane these ratios characterise the plane and 
may be used to represent it. The coefficients of a, b and c are known. 
as the Weiss indices of a plane. However, Weiss indices are rather 
awkward to use and have consequently been replaced by Miller's. 
indices. 

The Miller indices of a plane are obtained by taking the reci- 
procals of the Weiss coefficients and multiplying throughout by the 
smallest number that will express all the reciprocals as integers. Thus 
a plane in which the Weiss notation is given by a : b : oo c becomes 
in the Miller notation a : b : 0c or simply (110) since the order a, b, c 
is understood. Similarly the four planes mentioned above for topaz 
are respectively (111), (110), (223) and (120) in the Miller system 
of crystal face notation. If the plane makes an intercept on the 
negative side, say —a; —b: and c, the Miller indices for the plane 
would be (110), the bar above indicates the intersection of the plane 
on the negative side of the axis. The symbol I means minus unity. 

The law of rational intercepts may then be stated as: for any 
erystalline species there is a set of axes in terms of which all natural 
occurring faces have reciprocal intercepts pro- 
portional to the small integers (hk). The 
Miller notations of some of the faces of Octa- 
hedron will have Miller indices (111), (111), 

(111), (111), (111), (ITT) and (111) the axes 


being taken mutually at right angles with s 
origin of the centre of the crystal. —- 
(c) The law of symmetry. This law states 


that all crystals of the same substance possess 

the same elements of symmetry. Symmetry in Fig. 5.4. The Octa- 
crystals may be with respect to a plane, a line _ hedron with the front 
or a point. A crystal is said to have a plane of faces indexed. 
symmetry when it is divided by an imaginary 


a i 
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plane into two halves such that one is the mirror image of the other. 

A crystal possesses a line of symmetry when it is possible to draw 
an imaginary line through the centre of the crystal and then revolve 
the crystal about this line through 360° in such a way that the crystal 
appears unchanged more than once. In fact it is possible to have 
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Fig. 5.5. ‘Elements of symmetry of a cube. 


crystals which appear the same two, three, four or six times during 
one complete revolution of 360°. The line is called the axis of 
symmetry. Depending on the number of times a crystal appears 
unchanged on revolution is said to possess two, three, four and six 
fold axes of symmetry. ! 

A crystal] is said to have a centre of symmetry, if every face has 
gnomer identical face at an equal distance from the centre. See 

ig. 5.5. $ 

The total number of planes, lines and centres of symmetry ofa 
crystal are called its elements of symmetry. The cube has the greatest 
symmetry. It has thirteen axes of symmetry (three four fold, four 
three fold and six two fold), nine planes of symmetry and one centre 
of symmetry, i.e., 23 symmetry elements in all. 


5.6. SPACE LATTICE 


The regularity of crystal structure leads to the idea of space lattice. 
In order to explain this concept, let us consider a crystal of NaCl. 
It consists of a perfectly regular arrangement of sodium ions and 
chloride ions. b 
] POPE Tori kis 
TA AU. ihe par Red 
Xt Fees EL 
eae S ES AAT ‘ 
x=Nat 
.eCl- 
Fig. 5.6. Space lattice of NaCl. 


98 A TEXTBOOK OF PHYSICAL CHEMISTRY 


If we represent the position of each Nat in the crystal by a point 
(marked x), the result will be a regular three dimensional network 


pa connie 2.Simple 3.Side centered 
Monoclinic Monoclinic 
ju 
k 5 ZIV 6N 
4.Simple End centered Face centered 7.Body centered 
Orthorhombic Orthorhombic Orthorhombic * Orthorhombic 


gi AL 

k pi 9 JL 
AL Rhombohedral 10.Simple 11.Body centered 
B. Hexagonal Tetragonal Tetragonal 


m 5 f 
SUE ad 
12. Simple Body centered Face centered 


Cubic Cubic Cubic 


Fig. 5.7. The fourteen Bravaislattices. 


of points. This will be the space lattice of Na* in the crystal of 
NaCl. Similarly, there will be a space lattice for CI" and the space 
lattice for NaCl is made up of the interpenetration of Na+ and Cl- 
lattices. The symmetry of the combined lattice determined the sym- 
metry of the crystal as a whole. It may be noted that each lattice 
point in the lattice has exactly the same surroundings as any other 
point representing the same atom or iron. The space lattice of a 
crystal may be considered as built up of a three dimensional basic 
pattern called the unit-cell. The unit-cell is a repeat unit which will 
generate the whole pattern in three dimensions. The external appea- 
rance of the crystal is determined by the shape and dimensions of 
the unit cell. It can be proved by geometrical arguments that only 
fourteen different simple space lattice are possible, See Fig. 5.7. 
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These are called Bravais lattices, All the crystals in the cabic or a 
regular system are made up of one or more of three kinds of lattices, 
(a) the simple cube, (b) the face centered cube, and (c) the body 
centered cube. This is shown in Fig. 5.7 (12, 13, 14). 


The actual lattice consists of a repetition of these units cells in 
three dimensions. It can be shown from geometrical considerations 
that thirty-two different combinations of the elements of symmetry 

| of a crystal are theoretically possible. These are referred to as 32 
point groups. In conjunction with Bravais lattices, these point groups 
lead to 230 different arrangements known as space groups. 


5.7. CRYSTAL SYSTEMS 


The 14 Bravais lattices and the 32 point groups may be divided into 
seven-crystal systems for practical convenience. These systems 


c 
£2 Tetragonal 
Cubic 
a 
b 
b=a 
a 
c C-a 
Orthorhombic Rhombohedral 
b 
SP 
a 
3 B 
" b=a 
a 
Monoclin c fesen 


Triclinic 


Fig. 5.8. Seven-c:ystal systems. 
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can be determined by symmetry considerations and the coordinate 
axes that are used. These are given in Table 5.4 and are shown in 


Fig. 5.8. 


TABLE 5.4 
The Crystal Systems 
System Axes Angles Examples 
Cubic a=b=c a=B=y=90° NaCl, Ag 
Tetragonal a-bséc a=ß=y=90° White tin, Mg Fa 
Orthorhombic a#b#c a=ß=y=:0° HgCl,, Rhombic. 
sulphur 
Monoclinic aséb pc a=7=90°, 8=120° Monoclinic 
sulphur, KCIlO,, 
Rhombohedral a=b=c a=ß=y 490° Calcite, AlO, 
Hexagonal a=b#c a=7=90°, B=120° ^ Mg, Graphite. 
Triclinic a#bæ#c a*B y 90° CuSO,.5H,0 


5.8. PACKING OF ATOMS IN CLOSE-PACKED STRUCTURES 


There are numerous ways in which a number of spheres of equal 
size can be packed in layers but a relatively small numbers of these 
recur again and again. Some of these ways are represented in 
Fig. 5.9. 


In (1), (2) and (3) are shown three ways in which the first layer 
might be arranged. It is clear that there is a least free space between 
spheres in arrangement (3). This arrangement is called the closest 
packed while those of (1) and (2) may be the beginning of the cubic 
patterns. In (4) to (9) is shown the ways of putting additional layers 
on these first layers. Starting with the cubic pattern of (1), the 
successive layers will generate a simple cubic lattice. Each sphere 
touches the six adjacent spheres, 


The successive layers of the more open pattern (2) gives rise to a. 
body centered cubic (bcc) lattice as shown in (5) and (8). Each 
sphere touches its eight nearest neighbours at the corners of a cube. 


In the closest packed arrangement, there are two distinct ways of 
adding successive layers of spheres as shown in (8) and (9). In the 
first case (8) a hexagonal closest packed (hcp) structure is obtained. 
The second case of closest packed spheres (9) leads to the cubic. 
closest packed (ccp) structure in which the unit cell is a face centered 
cube (fcc). The number of closest neighbours of a given sphere is. 
known as its coordination number. The hcp and ccp lattices have 
coordination numbers of 12 and thus possess the closest packed. 
structures. The body centered cubic arrangement is less compact 
and the coordination number is 8. 


The packing of spheres in ionic solids is complicated by the fact 


ee ee ERN E INC 
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that the ions are positively and negatively charged, In a lattice con- 
taining ions, it is geometrically impossible for any ion to have a 


e "9 


Fig. 5.9. Several ways of packing spheres. 


coordination number greater than 8 if each section of the structure 
is to be electrically neutral. The coordination numbers of the respec- 
tive ions and the type of unit cell in a crystal will be determined by 
the charges and the sizes of the ions. One set of ions may be regard- 
ed as occupying the lattice points of a closest packed structure while 
the other ions occupy the interstices or **holes" between them. The 
NaCl crystal consists of two interpenetrating close-packed (fcc) 
lattices, The positions of one lattice are occupied by positive ions, 
while those of the other are occupied by negative ions. We can 
imagine sodium chloride structure as fcc arrangement of chloride 
ions which has expanded. sufficiently to permit the sodium ions in 
the octahedral holes. Every sodium ion is in contact with six 
chloride and each chloride ion in turn is in contact with six. sodium 
ions; 6-6 coordination. The. structure of sodium chloride is shown 
in Fig. 5.10. 
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We have discussed structures of metals and ionic crystals in terms 
of close-packed arrangement of spheres. If the particles are not 
spherical, the discussion will have to be done in a manrer appro- 
priate to the shape of the crystals. 


Face centered Face centered Fece centerec ^ 
cubic lattice of (Cubic lattice of Cubic lattice ot 
Nat ci- NaCl 


FIG. 5.10. Face-centered cubic lattice of sodium chloride formed from the 
interpenetration of the two face centered cubic lattices of the ions. 


Problem 5.2. The element chromium exists as a body centered cubic lattice 
whose unit cell edgt is 2.88À. The density of chromium is 7.20 g/c-c. How 
many atoms does 52.0 g of chromium contain? 

Solution. Volume of unit cell 

—(2.88 A)! —23.9 A? 

Volume of 52.0 g of chromium 


EER A Bi 
~~ 7.20 g/cc: idcm 


Number of unit cells in this volume 
— 722 cm* 
7723.9 A*Junit cc 
=3.02X10** unit cells 
Since each body centered cube has 2 atoms, the total number of atoms is 
2 atoms 
"unit cell 
=6.04X 10" atoms. 


3.02 10? unit cells 


5.9. BRAGG'S LAW 


W.H. Bragg and W.L. Bragg studied the diffraction of X-rays in 
` detail. The diffraction of X-rays by crystals is a phenomenon of 
great importance to chemists since diffraction studies provide much 
structural information on the arrangement of atoms, ions or mole- 
cules in crystals. When monochromatic X-rays impinge upon the 
atoms in a crystal lattice, each atom acts as a source of scattering 
radiation of the same wavelength. The crystal acts as a series of 
parallel reflecting planes. Thus X-rays would be reflected according 
to the ordinary laws of reflections and the planes would reflect 
X-rays at all angles. The intensity of the reflected beam at certain 
angles will be maximum when the two reflected waves from two 
different planes have a phase difference equal to an integral multiple 
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of the wavelength of X-rays while at some other angles the. intensity 
of the reflected X-rays beam will be minimum. 

Consider a beam of monochromatic X-rays of wavelength A. It is 
incident on a crystal and, after reflection from the planes A and B, 
goes along RT and HS respectively as shown in Fig, 5.11. Let the 
crystal lattice spacing between the two planes be d and 6, the glanc- 
ing angle. The path difference between the two reflected waves. 
along RT and HS—FH-- HG 

: ZPHB=8 
i Z FHR-—90—9 (5 ZRHB-90) 


à, T 


Fig. 5.11. Bragg's Law. 


In ARFH, 
Since LRFH=90° 
oe Z FHR=90°—6 
and ZLHRF=6 
Similarly, ZHRG=6 
Inthe ARFH, 
sin 0— HEN 
i RH 
or FH=RH sin 6—d sin 0 ("^^ RH=d) 
Similarly, HG=d sin 8 


.. Path difference =FH+HG=2d sin 6 ¢ 

If the path difference between the two waves is an integral multi- ` 
ple of wavelength, the interference will be constructive as the 
reflected’ beams will reinforce each other. Therefore, for the reflected 
beam to be of maximum intensity. 

2d sin 0—nÀ : ... (5.6) 

where n—1,2,3,4,... 

Equation (5.6) is known as Bragg's equation and represents 
Bragg's Law. 57 ani 
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For n=1, we get, 
2d sin 0A 

This beam gives the spectrum of the first order. From the equa- 
tion (5.6) it is clear that if the wavelength A of X-rays which pro- 
duces maximum intensity at a glancing angle 0 is known, the 
distance between the atomic planes of a crystal, d, can be calculated. 
Similarly, if d is known, A can be calculated. 

In the X-ray studies it has become the standard practice to assume 
that all reflections are first order (n=1). 


5.10. EXPERIMENTAL METHODS OF X-RAY DIFFRACTION 


There are four principal methods of crystal structure analysis: 
(i) Bragg method, (ii) Laue method, (iij) Powder method, and 
(iv) Rotating crystal method. 

(1) Bragg Method. Itis evident from equation (5.6) that if the 
glancing angle ? is measured from the various order of maximum 
reflection, the distance d between the successive lattice planes ofa 


X-ray tube 


Graduated rotating table 
Fig. 5.12. Bragg X-ray Spectrometer. 


given type in the crystal can be calculated. The positions of maxi- 
mum reflection intensity can be determined using the Bragg X-ray 
Spectrometer shown in Fig. 5.12. : 


A beam of X-rays of definite wavelength, coming from the anti- 
cathode A of an X-ray tube after passing through a slit S falls upon 
the face of the crystal (C) mounted on a rotating table. The rays 
after reflection from the crystal pass through another slit and are 
collected into a detector E of ionising radiation, Usually an ioniza- 
tion chamber or Geiger counter is employed for the purpose. The 
response of the detector is proportional to the intensity of entering 

-rays. Starting with a small glancing angle between the incident 
X-rays and the crystal face, the value is increased in stages by rotat- 
ing the table. The apparatus isso designed that the reflected ray 
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always enters the detector chamber E and the intensities of the 

reflected X-rays for the various angles are determined. The glancing 

angles 0 for which the strongest reflections are obtained are those 

which satisfy the Bragg equation. This procedure is repeated for all 

the important planes of the crystal. The X-ray spectrometer method 

of studying crystal structure requires the use of a relatively large 

crystal with well defined faces, and since reflections of several orders , 
must be examined for number of faces, the total labour involved is 

large. 


(2) Laue Method. In this case a single crystal is mounted with a 
given crystal axis perpendicular to the X-ray beam. The general 
arrangement of the apparatus used is shown in Fig. 5.13. 


A beam of X-rays, about 0.5 mm in diameter, passes through a 
collimator and is then allowed to fall upon a crystal. After differac- 
tion by the crystal, the X-rays fall upon a photographic plate which 


Transmission 


Back-reflection plate holder 


plate holder Crystal 


SOI RHET LITE 


Fig. 5.13. Laue Method. 


records the positions and intensities of the diffracted rays. The Bragg 
equation n\=2d sin 0 must be satisfied for constructive interference 
of the diffracted X-rays to occur. 


Since crystals are composed of a large number of zones, the 
diffraction pattern is made up of spots lying on several intersecting 
ellipses of hyperbolae. Some of the spots are much darker than their 
neighbours. These strong spots are almost invariably high-order 
reflections of planes of low indices. The fundamental property of 
Laue photographs (see Fig. 5.14) is that the symmetry of atomic 
arrangements within a crystal is largely retained in the arrangements 
of spots on the photographic plate. 


The property of symmetry retention makes the Laue method extre- 
mely useful in problems concerning grain orientations. Laue method 
is not very suitable for the determination of atomic arrangements 
within the unit cell for finding the unknown lattice parameters. This 
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is mainly because of the difficulty involved in identifying the wave-- 
length corresponding to specific spot. 


Fig. 5.14, Laue photograph of magnesium oxide. 


(3) Powder Method (Debye-Scherrer). This is the simplest 
method of obtaining the interplanar spacings. Instead of a single 
crystal, Debye and Scherrer powder method makes use of powdered 
crystals, i.e., a multitude of minute crystals and monochromatic rays. 
The experimental arrangement is shown in Fig. 5.15. The powder 


is taken in a thin-walled glass capillary or deposited on a fibre. The: 


sample is rotated in the beam to average all possible: orientations of - 
the crystallites. A cone of reflected radiation is produced which is 
recorded on the film as a curved line. [Fig. 5.15(b)]. For each set of 
planes the reflected beam outline a cone of scattered radiation. The 
distances t between the lines on the film are measured accurately. 
From these and the diffraction angle 20, interplanar spacings d are 
calculated from the Bragg equation, In order to index the reflec- 
tions, we must know the crystal system to which the specimen 
belongs. 


The Debye-Scherrer method has the advantage of not requiring 
the large single crystals. A crystalline substance can be distinguished 
from an amorphous one since the former produces lines, the latter 
does not. The more precise unit cell dimensions can be calculated 
from high index spacings. 


EA 
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Powder Specimen 


(b) A powder photograph 


Fig. 5.15. X-ray diffraction by the powder method. 


(4) Rotating Crystal Method. The most modern and widely 
applicable procedure for the X-ray investigation of crystal structure 
is the rotating crystal method. A mode- ; 


rately small crystal is rotated about an , — HL vg 


axis parallel to one of the crystal axes, 
and is exposed to a beam of homo- 
geneous X-rays from a direction at right 
angles. Asthe crystal rotates, various 
planes come successively into position 
for diffraction to occur, and correspond- 
ing spots are produced on a photographic 
plate. A tepical rotation photograph is ig. 5.16. X-ray photograph. 
shown in Fig. 5.16. from the rotating crystal 
Three such photographs are taken with method. 
crystal rotating about each of the three principal axes, and from the 
results the lattice spacing and the size of the unit cell can be deduc- 
ed. If, in addition, the intensities of the various spots are measured, 
it is possible to determine the exact positions of the atoms or ions in 
the crystal, The rotating crystal method is particularly useful for 
complex molecules. 


Problem 5.3. The potassium chloride crystal structure is like that of sodium 
chloride. The unit cell contains four potassium ions and four chloride ions. 


Given that the size of unit cell as 6.29 A and the density of potassium chloride 
se 197 g/c.c, find the number of potassium ions and chloride ions in 1.00 g of 
e salt. j 
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Solution. Since potassium chloride crystal is natural, the number of K+ ions 
per gram of salt 
=number of CI- ions per gram of salt. 
—4__ions 1 unit cell ( 1A "e 1cm* 
"unit cell X (629 Ay X \ Tx10 cm 139g 
7:8.08X 10% ions/g. 
Problem 5.4. Magnesium oxide has structure similar to sodium chloride. The 
distance between magnesium and oxygen ions in the cell is 2.10 À. What is the 
-density of magnesium oxide? 


Solution. Length of unit cell edge=2x2.10 A=4,20 Å. There are four MgO 
formula units per unit cell. 


ity=4 formula units 1 mole 
Dens unit cell X 02x10 formula units 
x 2031 g 1 unit cell 1À 
1 mole ^ (4.20 455 * (xc10-5 em 
73.62 g/c.c. 


5.11. HEAT CAPACITIES OF SOLIDS 


The molecules (or ions) in a solid caunot move about and normally 
Cannot rotate; they can, however, vibrate about their mean positions, 


Po 
6 
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®© 4 
Q 
g3 
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Fig. 5.17. The heat capacities of simple crystalline solids at low 
temperatures. 


"The kinetic energy in solid is therefore entirely vibrational energy. 
It was discovered in 1819 by Dulong and Petit that the heat capaci- 
ties of solid elements, measured at ordinary temperatures, had an 
almost constant value of 6.3 cal/(deg) (g atom). 
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There are, however, exceptions to the rule. Certain elements like 
carbon, beryllium, boron have heat capacities less than 6.3 cal/(deg) 
(g atom). The essential conclusion which can be drawn from the 
Debye statement is that the heat capacity of an element may reach 
a maximum value of about 6.3 cal/(deg) (g atom) at a certain tem- 
perature called the characteristic temperature of that element. It so 
happens that the characteristic temperature of most elements is 
below room temperature, but in the case of carbon and a few. other 
elements it is much higher. 

According to the classical approach, each vibrational degree of 
freedom would be expected to have an average kinetic energy $ kT 
andaverage kinetic energy for the three perpendicular vibration 
modes df the atom would then be 2 kT. For a vibrating particle, as 
in the case of a swinging pendulum, there is constant interchange of 
kinetic and potential energy. 


.. For one atom 
E=Exinetic+ potential 
=8kKT+3KT=3kT 
and for one gram atom 
E=3 NkT 


Since the Boltzman constant kat 


R 
E=3NX TN T=3RT 


and CCE =3R~6 cal/(deg) (g. atom) 
Einstein has calculated the heat capacities of solids from the 


quantum theory. The heat capacity of a crystalline solid, containing 
an Avogadro's number of single particle, C, is given by 


hv \2 ehv/kT 
C,—3R (T) . (givIer—1y ttn (5.7) 


where v is the vibrational frequency. 


Debye recognised that all the particles of a crystal do not vibrate 
withthe same frequency. For small values of temperature, the 
Debye equation for the atomic heat capacity reduces to the form 


3 
C,=464.5 (+) cal deg"! g. atom™! ... (5.8) 


This equation has been found to hold at temperatures below about 
25K within experimental error. The experimental values can be 
extrapolated to zero degrees K. It has been found that as the tem- 
perature approaches absolute zero, the heat capacity should tend 
toward zero. These are in agreement with the experimental observa- 


tion 
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PROBLEMS 


J. Define and explain each of the following: 

(a) Ionic solid 

(5) Molecular solid 

(c) cep 

(d) hep 

(e) Space groups. ° 

2. What are lattice planes of a crystal? What is meant by (100), (110) and 
(111) planes of cubic lattices? How do the spacings of these three planes differ? 

3. (a) Give an account of Bragg’s method for the determination of the 
Structure of crystals by means of X-rays. 
.. (b) Calculate the length of edge of a single cell of a substance that crystallises 
in a form like NaCl. The density of the substance is 1.984 and its molecular 


weight is 74.56 Ans. 6.296 A 

4 Show that the volume per sphere of radius r inhibited in 

(a) hexagonal close packing is 42r? 

(b) face centered cubic lattice is 4V2r 

(c) Cubical packing primitive 8 r*. 

5. Show that the volume occupied by spheres of equal size in a close packed 
$tructure is 0.74, the value of unit cell. 

6. Calculate the number of formula units in each of the following types of 
unjt cells: 

(a) nickel in a face-centered cubic unit cell, 

(b) MgO in a rock salt unit cell, 

(c) ZnS in a zinc blende unit cell. 

7. The X-ray spectrum of a cubic metal of density 8.93 g mI using radia- 
tion of 1—1.5148 A gave lines at the following values of 9 : 

21.8 25.4 2372 45.4 47.8 58.8 
68.6 72:1 

: (a) Index the lines (i.e. determine the hkl values of the planes producing the 
ines). 

(6) Calculate the unit cell edge length. 

(c) Identify the type of unit cell and the element. 

Ans. (a) 111, 200, 220, 311, 222, 400, 331, 420; 
(b) 3.602 A; (c) Face centered, Cu. 
8. Calculate the spacings between (110) planes of KC! if the K+ and Cl- ions 


are taken as identical and the (100) plane spacings are 3,152 A. Calculate the 
angles at which the first and second order diffraction from the (100) and the (110) 


planes would be observed if X-rays of wavelength 1.537 A are used? 
Ans. First order. 14°7’, for (100), 20°10’ for (110) 
9. Cesium chloride forms a cubic crystal in which each Cs* ion is surround- 
ed by eight CI- ions and likewise each C1- ion by eight Cs* ions. The density of 
CsCl is 3.97 g/cc: Calculate the distance between two nearest neighbour Cl ions 
and between Cs and CI ions. E 
Ans. 4.13, 3.57 A. 


10. Calculate the value of Avogadro's number from the distance between 
the centres of adjacent ions in NaCl, 2.82 A and the density of NaCl (s) 2.17 


gm/ml. 
^. 11. Write notes on: 


(a) Polymorphism - 
(b) Allotropy E 
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(c) Isomorphism 

(d) Transition temperature. S 

12. The Na-Na distance in metallic sodium is 3.72 A and in diatomic Naa 
it is 3.08 Å. The NaCl distance in solid NCI is 2.814Å, and in diatomic 
NaCl, it is 2.36 A. Calculate for each case the ratio of bond Jength in the 
solid to that in the gas. The similarity is due to the fact that sodium in both the 


metal and in salt shares electrons with several atoms simultaneously in its 
vacant valence orbitals. 


Ans. 121, 1.19 
13, Classify each of the four following solids by type: molecular, covalent, 
ionic or metallic. 
(a) rubidium chloride 
(6) dentist’s amalgam (70% Hg, 30% Cu) 
(c) Naphthalene (moth ball) : CH, 
(d, tungsten carbide WC. 
Ans. (a) Ionic (b) Metallic (c) Molecular (d) Covalent. 
14. Lithium borohydride LiBH,;, has an orthorhombic structure with four 
molecules per unit cells and unit cell dimensions of Ro=6.81, b)=4.43 and 
Co=7.17 A, Calculate the density of this crystal. 
Ans. 0.668 gm/c.c, 
15. Explain the following: 
(a) A crystal cannot have an axis folder than six-fold of symmetry. 
(6) LiBr, NaBr and RbBr all have the same crystal structure. However the 


X-ray diffraction indicates a simple cubic lattice structure for RbBr and that the 
other two have face centered lattices. 


(c) Sodium chloride and potassium chloride have the “same structure but 
different X-ray diffraction patterns. 


- Chapter 6 


THERMODYNAMICS 


6.1. INTRODUCTION 


One of the most fundamental manifestations in nature is the 
energy changes associated with all physical and chemical transfor- 
mations. There are various kinds of energy which a physical system 
can possess in a variety of ways such as kinetic energy, potential 
energy, thermal energy, chemical energy; mechanical energy, 
electrical energy, radiant energy, surface energy, magnetic energy, 
strain energy. Under certain conditions, these kinds of energy may 
be transformed from one form to another form. The object of ther- 
modynamics is to seek out the relationship between kinds of energy 
and their diverse manifestations. The laws of thermodynamics 
govern the transformation of one kind of energy into another and 
are based on experimental facts. The term thermodynamics literally 
implies a field that deals with the mechanical action produced by 
heat. 

Sincé thermodynamic laws deal with energy, they are applicable 
to all phenomena in nature. It is a science of macroscopic systems 
ie., systems comparatively large and involving many molecules, 
rather than of microscopic systems in which comparatively few 
molecules are involved. It requires no prior understanding of atomic 
and molecular structure. The basic principles of thermodynamics 
can be formulated without any recognition of the properties of 
"molecules. Thermodynamics has an immense predictive power and 
the thermodynamiclaws can be used to predict the direction in 
which a process would proceed. It serves as a useful guide in in- 
dustria] chemistry, in space technology and nuclear engineering. 
Thermodynamics has certain limitations: 


(1) The classical thermodynamics does not give any information 
at the molecular level, and this poses a serious limitation. For 
obtaining such an information, the laws of mechanics are first 
applied to molecules and then the suitable statistical averaging 
methods are applied to predict the behaviour of an assembly of a 
large number of such molecules. This ccnstitutes the subject of 
statistical mechanics. 


(2) The classical thermodynamics tells us only about the necessary 
conditions of chemical reactions but not the sufficient conditions. 


Thermodynamics does not tell us about the time required for a - 
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reaction. In other words thermodynamics can answer the question 
“how far?" but, is quite unable to answer ‘‘how fast?" 


6.2. THERMODYNAMIC TERMS 


SYSTEM AND SURROUNDINGS 

A thermodynamic system is that part of the physical universe 
the properties of which are under investigations. It is set off 
arbitrarily from the rest of the universe by a definite bounding sur- 
face. The system may be simple or complex. For example, the 
System may be a container of chemicals ready to react or it could 
be a simple vessel of a gas. The regions outside the boundaries of 
the system are termed as surroundings. However, the surroundings 
of the system are restricted to a region in the immediate vicinity of 
the system under study. The boundaries which separate the system 
from its surroundings are experimentally well defined. A system and 
its surroundings constitute the universe. 


The ways in which interactions between a system and its surround- 
ings take place lead to the classification of systems into the follow- 
ing three categories: j| d 

(a) Open system. An open system is one which can exchange 
both energy and matter with its surroundings. 

(b) Closed system, A system is said to be closed when it can 
only exchange energy with its surroundings and the amount of matter 
in the system is not changed. : 

(c) Isolated system. This is a system in which there is no trans-- 
fer of either energy or mass with the surroundings. 


STATE OF A SYSTEM 

In order to describe a thermodynamic system completely, we have 
to specify the values of certain measurable quantities. These are 
known as thermodynamic variables or state variables. A system can 
be completely defined by four variables namely pressure, volume, 
temperature and composition. The system is said to be in a certain 
state when all of its properties have specified values e,g., if the 
system is homogeneous and consists of a single substance, the com- 
position is, of course fixed, and hence the state of system depends 
on the pressure, volume and temperature only provided. special 
forces such as electric or magnetic forces are absent. If these pro- 
perties are fixed, all other physical properties, such as mass, density, 
refractive index, viscosity, dielectric constant etc., are thereby 
definitely fixed, The thermodynamic variables are, in general, suffi- 
cient to define a system completely. 4 


In actual practice, all the variables need ‘not be known because 
experiment has shown that three properties— pressure, volume and 
temperature, of a simple homogeneous system of definite mass are 
related to one another by the relationship called an equation of state. 
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The simplest example of such a relationship is the ideal gas equation 
of state, PV—RT. If the system is solid, liquid or heterogeneous, 
there is no exact quantitative relations between these three variables. 
Equations of state for such systems are generally considerably more 
complicated. The value of any one of these properties depends on 
the values of the other two e.g., when the pressure and temperature 
of one mole of an ideal gas are specified, the volume must assume 


1 Ri 3 t 
, the value yar. Hence the thermodynamic state of a simple 


homogeneous system is defined by specifying any two of the three 
variables because the value of any one of these variables depends on 
the values of the other two, Thus two of the state variables are inde- 
pendent and one of the variables is dependent. 


PROPERTIES O A SYSTEM 

The physical properties of a system may be divided into two main 
categories: 

(i) Extensive properties. These are those properties which 
depend upon the amount of the substance (or substances) present in 
the system. The examples are mass, volume, heat capacity, internal 
energy, entropy, Gibbs free energy, surface area etc. These proper- 
ties would alter with the quantity of matter present in the system. 
The total value of an extensive property is equal to the sum of the 
values for the separate parts into which the system may, for con- 
venience, be divided. 

(ii) Intensive properties, These are those properties which are 
independent of the amount of substance (or substances) present in 
system. Examples are pressure, temperature, density, viscosity, sur- 
face tension, refractive index, electromotive force, chemical potential, 
specific heat etc. All these properties are characteristic of the sub- 
stance (or substances) but independent of their amount. 


THERMODYNAMIC EQUILIBRIUM 

Thermodynamics deals only with equilibrium states in which the 
variables of the system have values that are uniform and constant 
throughout the whole system. When the observable properties of the 
system are not undergoing any change with time, the system is said 
to be in thermodynamic equilibrium. Actually this term implies three 
types different of equilibrium which must be attained simultaneously. 
These are: 

(i) Mechanical equilibrium. When there is no macroscopic 
movements within the system itself, or of the system with respect to 
its surroundings, the system is in a state of mechanical equilibrium. 
This requires that the mechanical properties of the system must be 
uniform and constant. In other words, there must be no unbalanced 

. forces acting on or within a system, since any unbalanced forces 
would cause the volume to change continuously and it would not be 
possible to specify the state of the system. 
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(i) Chemicalequilibrium. For a system consisting of more 
than one substance, if the composition does not vary with time, it is 
said to be in chemical equilibrium. This implies that the chemical 
composition of a system at equilibrium must. be uniform, and there 
must be no net chemical reactions taking place. If some chemical 
change occurs, there would be change in density or temperature of 
the system and specification of its state would be impossible. 


(iii) Thermal equilibrium, When the temperature of the system 
is uniform and is same as the temperature of the surroundings, it is 
said to be in thermal equilibrium. If there is a difference of tem- 
perature, heat will flow from higher temperature to lower tempera- 
ture until the temperature difference disappears. 


Consider three systems A, B and C. If systems A and B, and B 
and C are in thermal equilibrium, the systems A and C will also be 
in thermal equilibrium with each other which is the Zeroth law of 
thermodynamics. (Two systems which are both in thermal equili- 
brium with a third system are in thermal equilibrium with each 
other. y 


THERMODYNAMIC EQUILIBRIUM 

When a system is displaced from equilibrium by changing its one 
or more variables, it undergoes a process, during which its proper- 
ties change until a new equilibrium state is obtained. If a system 
undergoes a series of state changes in such a way that it returns to 
its original state, it is said to have completed a cycle and the whole 
process is said to be a cyclic process i i 


Change of state of a system can be effected in a number of ways. 
When the change is carried out under such conditions that no ex- 
change of heat is allowed between the system and surroundings, it 
is called an adiabatic process. On the other hand, if the change is 
carried out in such a way that the temperature throughout remains 
constant, it is called an isothermal process. If the process occurs at 
constant pressure, it is called an isobaric process while any process’ 
taking place at constant volume is known as isochoric process, If a 
process is conducted in a succession of states each of which at every 
instant is in a state of equilibrium, it is described as a quasi-static 
process. 


6.3. MATHEMATICAL TECHNIQUES 


From purely mathematical considerations, it is possible to derive a 
large number of equatioris interconnecting the státe functions. Sincé 
many thermodynamic problems involve only two independent varia- 
bles, the following illustrations will be limited to functions of two 
variables. ; ik 

Equation for the total differential. Consider any thermodyna- 
mic property of a homogeneous system of constant composition 
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which is completely determined by the three thermodynamic varia- 
bles—pressure, volume and temperature. The three variables arc 
related to each other by an equation having the functional form, 


F(P, T, V)=0 


Since any two of the three variables may be selected as indepen- 
dent, this functional relationship mny be expressed in three addi- 
tional alternative forms 


V=f(P, T), P=fV, T), T=f(P, V) 
Arbitrarily selecting the first one of these and utilising the princi- 


ples of calculus, it is possible to write for a small increase dV in the 
volume V, 


- (35) TEA : 
av-( a ). dp+ (2) ar PECTIN 
where the partial differential symbol, e.g., (37), indicates the rate 


of change of V with the variable P, while the other variable, 7, 
remains constant. 

Equation (6.1) can be readily utilised to find out some unknown 
partial derivative which cannot be readily determined experimen- 
tally. To achieve this, we make use of some transformation formulas 
with the help of which one can transform a partial derivative into 
some alternative forms. A brief illustration of some of the transfor- 
mation formulas are given below: 


oT 
tion (6.1) to find K and imposing the restriction that V is constant 


(i) Suppose it is desired to determine Gm. Rearranging equa- 


so that dV=0, we get 


dV fav) dP [s 
ar o0). aeter). "o Sale 


If it is indicated explicitly for the second factor of the Ist term on 
the right hand side that V is constant, and terms are rearranged, we 


get 
(r)a "Ge Gr), - (63 


Thus the unknown partial derivative (47) can be readily con- 
P 


oP eT 
(ii) Similarly, equation (6.1) can also be rearranged by trans- 


verted in terms of known pertial deriva'ives (=) and ( 251 ; 
T Ve 


formation formula to determine ( d. which is given on next 


oP 
page. 
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m Gr GR 2264) 


(iii) Another form is obtained by rearranging equation (6.4) to 


(BSF) 9 


and equating the right hand side of this expression to the right hand. 
side of equation (6.3) 


"Cor 7 “(Ge el Ge), 


oP 1 ; 
(25 e rir ee 
72 
(iv) Another important relation can be derived by introducing a 


new but not independent variable. Consider, for example, energy, E, 
of a pure substance as a single valued function of pressure and tem- 


perature: 
E=f(P, T) 
It is possible to write 
(2E 
de=( 25). dp (32 7). dr SEEN 
Suppose it is desired to evaluate (37) in terms of other partial 
E 

derivatives. Starting from equation (6.1), we find zi and then im- 


dP 


pose the restriction that E is held constant. The result obtained is 
the relation required. 


(ss) or) Cor Cor) 2.69 


(v) A Sth transformation formula, for use in certain problems 
where a new variable G (P, T) is to be introduced, is obtained as . 


follows: 
(3), (=. 3$). (3-4 0G 
eT eT 3G 9G oT 


Ce (m) 1155:0(6:9) 


The illustrations given in this section provide the basis for many 
of the transformations employed in the thermodynamics of systems 
described by two independent variables. 


6.4. STATE FUNCTIONS AND EXACT DIFFERENTIALS 


j "Thermodynamic properties e.g., energy, entropy, enthalpy, Gibbs 
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free energy etc., are functions of state variables, and are often called 
state functions. These are independent of the path and depend only 
upon the initial state and final state of the system. 

Consider, for example, the two quantities, AE (the change in 
internal energy) and W (work done) in moving a large boulder up a 
mountain, that is, against the force of gravity. The change in internal 
energy associated in moving from the bottom to top of the mountain 
is fixed whereas the work done to scale the mountain depends upon 
the path used. That is, the amount of work expended if a pulley is 
used to raise the boulder directly will be much less than the amount 
of work expended in bringing the boulder up the hill by pushing it 
over a long, rough and tortuous route. On the other hand, if the: 
- boulder is moved from the bottom to the top of mountain in many 
different ways, A, E will always be the same, so long as the initial 
and final states ofthe system are the same. Thus £ is a state func- 
tion as its change is independent of the path whereas W is not a 
state function as it depends on the path, 


- Properties of state functions—exact differentials. The 
following properties are characteristics of state functions: 


(i) Any state function e.g., E, depends only on the state in which 
the system is, and in no way on the path along which the system 
' got into this state. Consequently change in E of the system, AE, 
when passing from state A to state B, is given by differences in 
values of E in the final state Ep, and original state E4, respectively. 
Thus, 
AE=Es—Ea 
(ii) The differential dE is an exact differential. 
(iii) The integral of dE about a closed path is equal to zero i.e., 
gdE=0 
The integral $ implies that the system is in the same state at the 
end of the path as it was at the beginning (closed path), and thus the 
property E is not affected by the change; dE is, therefore, an exact 


differential. 


« -, As an important corollary of the fact that dE is an exact differen- 
tial, it can also be written as 


dE=( T) acc (35 ) o -. . 6.10) 


where x and y are any other independent variables of the state of 
the system, for instance, any two of P, 7, V. 


A further useful property of exact differential expressions is the 
Euler reciprocity relation. Rewriting equation (6.10) as 
dE=M dx--N dy 
where M and N are defined as 


(2E «(2E 
i= ax n =( ay k 
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If dE is an exact differential, then 


(2),-(25), cem 


This can be immediately proved as follows: 


Since E is a function of state, its change must be indeperdent of 
the path, and, therefore, from the principles of calculus. 


a (2E) | eE -x(S) 6.12 

minio eet ay Jx +++ (6.12) 
oM oN 

Consequently, (31).-( pe ) 


Another test for the exactness of a differential is that it follows 
the cyclic rule. Thus if E is a function of x and y, i.e., E—f (x, Y), 


then 
PR ET Gg). -.. (6.13) 


6.5. THE EQUIVALENCE OF HEAT AND WORK 


In thermodynamics, work (W) is defined as any quantity of energy that 
flows across the boundary of a system during a change in its state ani 
is completely convertible into the lifting of a weight in the surrounding. 
On the other hand, heat (q) is defined as a quantity of energy that flows 
across the boundary of a system during a change in its. state by virtue 
of temperature difference between the system and its surroundings and 
flows from a point of higher to a point of lower temperature. These 
definitions imply that both work and heat are different modes of 
energy in transit across the boundary separating a system from its 
surroundings. The distinction between work and heat lies in the fact 
that work is energy transferred by means of a mechanical link bet- 
ween a system and its surroundings whereas heat is energy transfer- 
red by thermal conduction and radiation when there is a temperature 
difference between a system and its surroundings. To indicate the 
direction of transfer, we say that if work is done by the system, it is 
positive and if work is done on the system, it is negative. On the 
óther hand, heat added to a system is assigned a positive symbol. 
and heat given by the system is assigned a negative symbol. 


Work and heat are two equivalent quantities. Consider, for exam- 
ple, the problem of raising the temperature of a definite quantity of 
water, say 1 litre, by 10°C at one atmospheric pressure. This can be 
accomplished either by heating the water with a burner until the 
final state is reached, or by performing frictional work by immersing 
in water a stirring paddle driven by a falling weight. The amount of 
work.could be calculated from the size of the weight and the dis- 
tance through which it fell and the quantity of heat could be calcu- 
lated by the temperature rise and the weight of the water. Thus the 
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desired change of state can be accomplished by performing work 
alone and allowing no heat to enter or leave the system. 

The above experiment is Joule's one of classic experiments on ‘‘the 
mechanical equivalent of heat." By using different amounts of 
work and various weights of water, Joule found that there was a 
quantitative relation between the amount of work done and the 
amount of heat produced. The quantitative relation between the 
amount of work done and the amount of heat produced is written as: 

1 calorie—4.1840 Joules=4.1840 x 107 ergs 

The Joule’s relation is applicable to the conversion in either 
direction, determining the heat produced when a given amount of 
work is converted to heat or the work produced when a given 
amount of heat is converted to work although it will be seen, while 
discussing second law of thermodynamics that the heat cannot be 
completely converted into work. 

The two experiments, heating the water with a burner and by 
Stirring the water through a rotating paddle, involved the same 
change in state but different heat and work effects. The quantities 
of heat and work which flow are dependent on the path through 
which the process occurs, Heat and work are called path functions. 


6.6. ENERGY AND THE CONSERVATION OF ENERGY (THE 
FIRST LAW OF THERMODYNAMICS) 


It follows from Joule’s experiments that heat and work are different 
forms of energy and that the form of energy can be changed but its 
total amount is constant i.e., that energy is conserved. In other 
words, energy can be transferred but never created or destroyed. 
This is known as the law of conservation of energy. This law can be 
stated in various forms but its fundamental implication is that al- 
though energy may be converted from one form to another, it can 
never be created nor destroyed; in other words, whenever a quantity 
of one kind of energy is produced, an exactly equivalent amount of 
another kind (or kinds) must be used up. 

The law of conservation of energy which is asserted by the first 
law of thermodynamics is purely the result of universa] experience, 
for example, the failure to construct a perpetual motion machine 
and the constancy of the mechanical equivalent of heat. The first 
law of thermodynamics can be said to be universally valid for all 
processes as long as it is impossible to construct a perpetual motion 
machine and the constancy of the mechanical equivalent holds. 
First law is also supported by the fact that it leads to a wide variety 
of conclusions which are in complete conformity with the actual 
experience. > 


6.7. INTERNAL ENERGY (E) 


Of the various forms of energy such as electrical, mechanical, che- 
mical, thermal, there is another form of energy called internal energy 
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or intrinsic energy or energy content. It is the energy associated with 
a system by virtue of its molecular constitution and the motion of © 
its molecules. The kinetic energy of motion of individual molecule, 
the potential energy due to interaction between molecules, and the 
kinetic and potential energy of the electrons and nuclei within 
individual molecules all contribute to the internal energy of a subs- 
tance. Change in the internal energy of a thermodynamic system is 
always due to change in one or more of these contributing factors. 
Internal energy is an extensive property and is a single valued 
function of the thermodynamic variables of the system. The change 
in internal energy of a system, associated with the passage from one 
thermodynamic state to another, depends only on the initial and 
final states, and is independent of the path followed. 


6.8. WORK, HEAT AND ENERGY CHANGES 


The law of conservation of energyin chemical systems can be handled 
in terms of three quantities, the work W that is performed, the heat 
4that transfers and the energy 
AE that is stored in the system. 
In terms of these three quantities, 
the first law of thermodynamics 
is given by the equation, AE— 
4—W which means that the diffe- 
rence between the heat absarbed 
byasystem and the total work 
done by the system is equal to 
the increase in the internal energy 
of the system. 

Let us consider a process which 
takes the system from state A to 
a higher energy state B by path 1 
as shown in Fig. 6.1. General Co-ordinate —* 

The system may be a container 
holding one or several chemical 
compounds. If qı is the amount 
of heat given to the system and the work done by the system be Wi 
the energy changes in the process using the first law will be given by 
the following expression: 


A Ei Ep—Ea—q|1 - WA «+» (6.14) 


The relation (6.14) states that any net energy in the form of heat 
and work, q1—WA, is neither created nor destroyed but is stored as 
AFi. Let the system now return from state B to state A along a 
different path 2 as shown in Fig. 6.1. Applying the first law of 
thermodynamics, we have: ; 

AINE —E4 — Eg—q2;—W» . . . (6.15) 


The change in energy in the cyclic process (\E4->a i.e., from state 


General Co-ordinate —4 


Fig. 6.1. Change of internal energy. 


122 f A TEXTBOOK OF PHYSICAL CHEMISTRY 


A to state Band back to state A is given by the sum of equations 
(6.14) and (6.15) i.e., 
AEs>a=AE\+ AE ++. (6.16) 
Let us assume that A F2> AF}. This means that energy must have 
been created in going around the cycle by two different paths. This 
is in contradiction to the first law cf thermodynamics, hence 
AE,=— AE. 
Equation (6.16) gives us 
AEs>4a=AE\—AEi=0 2. (6.17) 
Thus we see that the internal energy is a function of state ie., it 
depends only on the initial and the final state of the system and is 
independent of the path taken, For a cyclic process we may state: 
$ dE=0 +. (6.18) 
For an infinitesimal process, the small change dE is an exact inte- 
gral. It can easily be shown that q and W are dependent on the path 
the process occur and are, therefore, inexact differentials indicated 
as 5q and èW, For an infinitesimal change, the first law is written as 
dE—8q—3W -.- (6.19) 
where dE is the small change in the internal energy, ôg is the small 
amount of heat absorbed, and 8W is the small amount of external 
work done by the system. 
This law finds numerous applications in chemistry. Some of the 
applications we shall consider in this chapter and in the next chapter 
on thermochemistry. 


6.9. PRESSURE-VOLUME WORK 


In order to find the pressure-volume work involved in the expansion 
Of a gas againsts an external force, consider a cylinder of cross- 
sectional area A fitted with a frictionless and weightless piston. Let 
the pressure on the piston be P. 

Since pressure is force per unit area, the total force acting on the 
piston is f=PA. Suppose as a result 
of expansion, the piston moves 
through a distance d/. Small amount 
of work done, dW, by the gas on 
the surroundings is given by 

dW=f.dl=PA.dl 

But A.dl=dV, the increase in 
volume due to movement of the 
piston. 

Therefore, dW—PdV .. . (6.20) 

The total work in the expansion 
of the gas from initial volume Vy 
tothe final volume V2 is then 


Fig. 6.2. Pressure-volume work. 
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obtained by integrating equation (6.20) between the limits Vj and 
Va, i.e., 
Va 
w=| Pav 1. (6.21) 
V . 
If this is the only type of work done by the system, then substi- 
tution of equation (6.21) in the first law expression gives 
Va s 
Api | PdV 2.1622) 
i A 
Equations (6.21) and (6.22) are perfectly ganeral and can be utilis- 
ed to calculate W, q and AE in any expression. or compression of 
the system. 
We shall now discuss the special cases arising out of equations 
(6.21) and (6.22). r 
(i) Constant volume. When there is no change in volume, 
dV=0, W=0 and equation (6.22) takes the form 
AE-(q)v 5 ebay 
i.e., any thermal change occurring in the calorimeter at constant vol- 
ume must be the change in the internal energy due to the chemical 
reaction or physical transformation. 
(ii) Opposing pressure zero. When the gas expands against a 
zero external pressure, no work is done and hence again 
AE=q ... (6.24) 
This type of expansion is called free expansion. 
(iii) Opposing pressure constant. When P is constant, equa- 
tion (6.21) becomes ; 


W=P(V¥2—V;) («s (6.25) 
and equation (6.22) becomes 
AE-—q—P(Vi—Vi) «+ + (6.26) 


(iv) Opposing pressure variable. If P is variable it must be 
known as a function of volume so that equation (6.21) can be inte- 
grated. If no analytic function is available, the integration is carried 
out graphically by plotting P versus V and determining the area. 
under the curve. Once W is thus. known, it can be substituted into 
equation (6.22) to determine either AE or q, as the case may be. 


In all calculations of W involving gas expansions, it must be 
kept in mind that when a volume change occurs, the amount of 
work done by the gas on the surroundings depends on the pressure 
that the surroundings exert on the system, rather than the pressure 
within the system itself. Further, keeping in mind that P in equation 
(6.21) is always a positive quantity, W will be positive if Va>Vi. A 
positive value of W means that work is done by the gas on its 
surroundings. This is what happens when a system expands, pushing 
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back its surroundings. On the other hand, if V; —Vi, then we have a 
compression, W is negative and work is done by the surroundings 
on the gas. To summarise, it can be said that in any expansion, the 
System does work; in a compression, work is done on the system. 


6.10. REVERSIBILITY AND MAXIMUM WORK 


If the change is produced rapidly and the system does not have a 
chance to achieve equilibrium, the process is said to be irreversible. 

Reversible processes are not real processes but are ideal ones. Real 
Processes are always irreversible. 

This concept of a reversible process is extremely useful and may 
be compared with the other concepts such as ideal gases, weight- 
less strings and weightless pulleys in mechanics. Reversible processes 
«are of great importance because they yield maximum amount of work 
Which may be obtained from a given net change. 


6.11. HEAT CONTENT (ENTHALPY) 


Most of the chemical processes are performed at constant pressure. 
In order to deal with the processes at constant pressure, we define a 
new thermodynamic function denoted by H and is called the enthalpy 
or the heat content of the system. Mathematically 
HexE--PV «++ (6.27) 
Since E, P and V are all functions of state, therefore, H is also a 
function of state. For a change in enthalpy, AH, we have, 


AH=AE+ A(PV) +... (6.28) 

or ` AHERAETPAVAHVAP +++ (6.29) 
Since the pressure is kept constant, AP—0 

fi AH=AE+PAV +» (6.30) 

or AH-g, «++ (6.31) 


Hence the change in enthalpy of a system is equal to the heat 
given to the system at constant pressure. 

The importance of this new state function will become apparent 
when we study thermochemistry. 
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6.12. HEAT CAPACITIES AT CONSTANT VOLUME AND 
CONSTANT PRESSURE : 


The heat capacity of a system is defined as the heat required to raise 
the temperature of the system by one degree. If 8g is a small quan- 
tity of heat'added to the system, the temperature of the system will 
rise say by dT. The heat capacity C of the system is then given by 


c= E: onis (632) 


In case of gases, we have two types of heat capacities, at constant 
volume and at constant pressure, 


The heat capacity at constant volume, C, can be defined as 
C Se < (633) 


From the first law we have 
qm AE PAV 
At constant volume, since A VO, we have : 
qv AE +++ (6,34) 
.', Heat capacity at constant volume is given by 
ðE 
cm (25 ), es (635) 


This ogrania is the thermodynamic relation defining C, and tells 
us that C, is the rate of change of internal energy with temperature 
at constant volume, 


Further when the pressure is held constant, equation (6.32) takes 


T eatis ( AE) ba), 


But if equation, H=E+ PV, be differentiated with respect to T at 
constant pressure, we get 


(Cir mz), +2 Gr). 
Consequently Gu (57), ++ © (6.36) 


Hence the heat capacity at constant pressure is defined at the rate 
of change of enthalpy with temperature at constant pressure, 


6.13. HEAT CAPACITY RELATIONSHIPS 


dE „(2H 
Since c-( er Jy and C, (37). 
The difference between the two specific heats is given by 


o-c), ze i ... (637) 


(9E 
perk we get 
( J » We ge 
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But H—E-- PV. Differentiating this quantity with respect to tem- 
perature at constant pressure we obtain, 


ee) [9E ) (m) 
( oT ES oT j|» eee eT /P 
Substituting this into equation (6.37) we get, 
_c_{ 9E ay SE 
e c-( a JE +P( ar JE -( ud ]: +. (638) 


In order to relate the first and the third terms on the right of 
equation (6.38), we proceed as follows: 
The internal energy £ is a function of T and V, i.e., 


E=f(T, V) 
and E 
aE 2E 
ag- (35), ar ( T ). dv .. (6.39) 
Dividing both sides of equation (6.39) by dT at constant pressure 
we get, 
26) (22) (3) «(35 
( oT Y aV )( oT ), Nar ), nn (6-40) 


On substituting equation (6.40) in equation (6.38) and cancelling 


oT : 
gEY (V aV 
c-c- code je +P( an 
E y 
or G GE Gr) +P Js ). E (641) 


In this equation, jm y is the work. done PdV per unit in- 


crease in temperature in the constant pressure process. The other 


eE ( eV ) : e à 
term, ( oV L eT Je is the contribution from the energy required 
for the change in volume to pull the molecules farther apart against 


the cohesive or repulsive intermolecular forces. The term Ww Jr 


is called the internal pressure. In the case of liquids and solids, this 
term is significant, but in the case of gases, this term is usually small 
compared to P. E 

For ideal gases, we shall see (section 6.14) that 


3E X: 3 
( oV. iy =0, Hence equation (6.41) becomes 


(95 
o-o-r(ss ). 


sedili thn at, 
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Further, for one mole of an ideal gas PV—RT, and (2 oV le 


Hence C,=C,=R 2 «++ (6.42) 

In words, the heat capacities at constant pressure and constant 
volume differ from each other by a constant amount, equal to the 
molar gas constant, i.e., 1.987 cal deg ! mole !. 


For real gases, C5— C,zR 
Instead of considering E=f (T, V), if we consider H=f (T, P), it. 
is possible to derive another very useful relationship namely 


6, c| y ( ed ). i a 22: (6:43) 


A third relationship between C, and C, may be obtained by 
several operations on the second term within the bracket in equation 
(6.43) as given below: 

Since H=f (P, T), we have 

oH oH ) 
an=( = ). dT+ (4 dP 


If.H is held constant; during the deoa (called jo 
change) j.e., dH=0, then 


oH ly oH 
(ae), t7 (or 
Hu (OH) (8T. 
ya (33. ré fewer 
Substituting this result into equation (6.43), we get 
Jy (22) (ayy oP | 
zt ar ]: ( 2 Mi oT ) Bera 
It will be seen later on that for an iso-enthalpic process, ` 


(35), eum (Joule-Thomson Co-efficient) 


oP . 
^ oH 
. and, further, since (35 Y =Cp h : 
Hence G= Gr c] ($ oT ), . . . (6.43) 


Several other general relations between C; and C, can be obtained 
by procedures similar to those just obtained. 


6.14, THE INTERNAL ENERGY OF AN IDEAL GAS s (THE 
JOULE EXPRIMENT) 


In the experiment made by Joule in 1843, it was observed that when 
an ideal gas was allowed to expand into a vacuum, there was n 
gain or loss of heat. In Joule experiment, two similar copper bulbs, 


- 


128 . A TEXTBOOK OF PHYSICAL CHEMISTRY 


one containing air under pressure and the other evacuated were 
connected by a wide tube with a stopcock at the middle. The 
surrounding water bath was 
{Stirrer ‘Thermometer stirred and its temperature 
recorded. When thermal 
equilibrium was established, 
the stopcock connecting the 
two bulbs was then opened 
and the temperature was 
again recorded. In these ex- 
periments, Joule observed no 
temperature change of water 
in the bath. 

From Joule’s experiment, 
it is deduced that since the 
gas expands into vacuum i.e., 
when the external pressure 
is zero, no work is done by 
the gas in its expansicn. 
W=0. Further, since no heat 
is detected to be given up or 

Fig. 6.3 The Joule Experiment. absorbed, q=0. It. follows, 
therefore, from equation, 
q=AE-+W, that AE must be zero in the process; in other words 


there is no change in the internal energy of an ideal gas as a result of 


Sree expansion. The total differential for E (which is a function of V 
and 7) can thus be set equal to zero to give 


(2E QE jih 
dE-( oe )ar+( a ). aT=0 


or on rearranging and indicating that changes in Vand T are such 
that constant energy is maintained, we get 


(3 y-- Gr). Gr). P 


Since in Joule's experiment it was observed that ( m) —0, the 
E 


above equation becomes 


(5), =0 jos (6.44) 


i.e., the internal energy is independent of volume at constant tem- 


perature. This means that the energy of the gas is a function of 


temperature only. The result expressed by equation (6.44) is taken 
“as one of the most important criteria of an ideal gas and is valid 
only for ideal gases in which the intermolecular forces. of attraction 


are zero. For real gases, ( TN is a small but positive quantity. 
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6.15. EFFECT OF PRESSURE AND TEMPERATURE ON 
HEAT CAPACITIES OF IDEAL GASES i 


As discussed above, since the internal energy of an ideal gas is 
independent of volume at constant temperature, it should also be 
independent of pressure. The energy of a given quantity of gas only 
varies with temperature. Thus for an ideal gas, it is possible to write 
down equation for C, as 


=F .. 2 (645) 


This indicates that heat capacity at constant volume of an ideal 
gas is independent of the volume or the pressure of the gas. 

Similarly, it can also be shown that for an ideal gas, H is a 
Junction of temperature only and heat capacity at constant pressure is 
also a function of temperature only. 

This can be easily proved as given below: 

We have H-—E--PV. 

Differentiating this equation with respect to volume at constant 


temperature, we get 
(3E (es Fae 
W Jr VV Jr eV Ir 
À 3 Jag Noy. «PV)] . 
Again, for an ideal gas, ( aV. JE =0 and [gr by is also 


ste ile (.9H Y... 
zero, since PV—RT, so that l aV » =0. 
Thus for an ideal gas, we have 
dH 
G= : + (6.46) 


Equations (6.45) and (6.46) are always valid for an ideal gas 
regardless of what kind of process is considered. Implicit in these 
statements is the fact that for an ideal gas, E and C, as wellas H 
and C, are functions of temperature only, independent of volume 
and pressure, 


6.16. HEAT CAPACITY—TEMPERATURE RELATIONSHIPS 


Both C, and C, for all gases increase with temperature. Some em- 
pirical expressions which represent this variation have been predicted 
from experimental measurements. One of the commonly used rela- 
tion is a power series of the form 

Cp=a+87+y72+87T34+ ... ++ « (6.47) 
where «, B, y, 8 etc. . . are constants and can be determined from 
the experimentally determined heat capacities: over a range of tem- 
perature, temperature being expressed in absolute degrees. 
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The mean heat capacity, (o over a range temperature, say from 
Tı to 75, is given by: 


T, 
Ge f C, Tp m.. (6.48) 
Ti 
T2—114 


Substituting the value of Cp from equation (6.47) into equation 
(6.48) and integrating, we get 


Gr, | «(079 rero irae noy... | 


—a4-3 8(754- T1) - 8 Y(T2- TYPI - TY) -. . . .. . (6.49) 


Knowing the constants, it is possible to determine Cp for any gas 
over any temperature change. ` 


The amount of heat required to raise the temperature of a gas 
from Tı to Tz at constant pressure is obtained by integrating the 
equation, dH—C, dT, using equation (6.47) to express Cp as a func- 
tion of temperature i.e., ' 


Ha Tr Ts 
| dH= | C dr | (at6T+y7?-+8T?+ ...) dT 
H, T, T, 


or H;—H,—«(Ta— T1) &(T2— TP) +I Ti) +... + ++ + (6.50) 


6.17. ISOTHERMAL PROCESS 

In an isothermal process, the temperature is maintained constant 
during the entire operation. Since the internal energy of an ideal 
gas varies with temperature only, imposition of constant tempera- 
ture implies constancy of E i.e., for an isothermal process, AE=0 
and hence the eauation AE=q—W reduces to q—W. 


But, as discussed in section 6.9, the total work obtained in the 
expansion of a gas from initial volume V, to the final volume V2 is 
equal to the integral of the pressure times the differential of the 


volumef i e., 
Va 
=w=] Pav 
V 
Thus, in an isothermal process, all the work performed is obtained 
at the expense of absorbed heat and vice-versa. The magnitude of q 


will thus vary with W and may range from zero for a free expansion 
to a maximum for reversible process. 
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The expression for the maximum work in an isothermal reversible 
expansion of an ideal gas is obtained as follows: 


: Va 
Since ase | Pav ws» (6.51) 
V, 
4 pire nRT 
For an ideal gas, PV=nRT and the pressure is given by P— y 
Substituting this in equation (6.51), we have i 
Vy 
Wa | “RT ay, 
V, 
Ve 
=nRT (+ 
V, 
2 T 
=nRTIn Y 
or Wmax™=2.303 nRT log y ia (6.52) 


Equation (6.52) gives the maximum amount of work obtainable in 
the isothermal reversible expansion of n moles of an ideal gas from 
volume V, to V; at constant temperature 7. Again since the tempe- 
4 p Ri 
at E C IRL TEN 
rature is constant, Yi P; 
Therefore, equation (6.52) can also be written as 
Wes nRT In LL. 
Pi 


or Wrmax-=2.303 nRT log * (6.53) 
For real gases, A E40 under isothermal conditions because, even 
when temperature is constant, internal energy will change due to 
change in volume or pressure. The same is true for AH. 3 
Problem 6.1. Calculate the maximum work obtainable by the isothermal 
reversible expansion of 2 moles of nitrogen from 10 litres to 20 litres at 25°C. 


Solution. Since Wnax=nRT In +4 
1 


=2.303 nRT log A 
1 
Here n=2 moles, V4—10 litres, V1—10 litres 
R=1.987 cal deg mole and 7—273.24-25—298.2 K 
B VW rax 2.303 X 21.987298.2xlog 20 


-82c: 
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Problem 6.2. If one mole of ice at 0°C and 4.6 mm Hg pressure is converted 
to water vapor at the same temperature and pressure by increasing the space 
above ice sufficiently, calculate the enthalpy and intrinsic energy change. Latent 
heat of fusion of ice is 80 calories perg. and, latent heat of vaporisation, of 
liquid water at 0°C is 596 calories per gram. 

Solution. 

AE-qy—PAV 
AH-AETPAV- qp 

Heat absorbed when one gram mole of ice in being converted to one mole of 
water at 0°C and 4.6 mm Hg pressure 

=80X18=1440 calories 

Heat absorbed by one mole of water in being converted to one mole of water 
vapour 

=596X18=10728 calories. 

For the total change, gp=1440+10728 

=12168 calories, 

Volume of one mole of'water vapor at 0°C and 4.6 mm Hg pressure (through 
gas equation)=22.4X T 

73717 litres. 
Tgnoring the volume of ice in comparison with the volume of water vapor 
AV=3717 litres 
4.6 


PAV=3717X 70 = 22.4 litre-atmosphere 


22.4 10°X76X 13.6980. 
7o 48x10 
=543 calories. 
A E-12168—543—11625 calories 
A\H= 11625 4-543 =12168 calories. 
Problem 6.3. An ideal gas undergoes a reversible isothermal expansion from 
an initial volume V, to a final volume 10 V, and thereby does 10,000 cal of work. 


The initial pressure was 100 atm. (a) Calculate V,. (b) If there were 2 moles of 
gas, what must its temperature have been? 


Solution. (4) Since W=2,303 eRT log 42 22.303 mRT log 
1 


—2,303 n2T 

i EGE hy 

PVa=nRT = aaa 
10,0C0 
2.303 
s _ 10,000™ 1 : 

We 72303 X Foo X (0-041 litre atm/cal) 
or V,=1.78 litres. 
(6) IF n-2 


W=2.303 nRT log 


W=2.303 nRT 


Ww 
nRT— 703 


10V, 
Vy 


But 


100XV,— 


10V, 
V, 
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10.000 
2.303X2 


10,000 
or T= 5303X2X1.98 


T=1100]K. 


RT= 


6.18. ADIABATIC PROCESSES 


‘An adiabatic process is one in which there is no exchange of heat 
between the system and its surroundings. In other words, in an adia- 
batic process no heat enters or leaves the system, so that g=0 and 
work is done at the expense of the internal energy of the gas. Thus 
if work is done on the system, the internal energy of the system will 
increase. Conversely if work is done by the system, the internal 
energy of the system decreases and consequently the temperature of 
the system drops. Let us consider 1 mole of an ideal gas. Since for 
anjadiabatic process, q—0, from the first law we have 


dE=—W=—Pdv 
From equation (6.45), we have dE=C,dT. Substituting this in the 
above equation, we get 


C,dT— — PdV „e + (6.54) 
For an ideal gas, pao. Substituting the value of P and on 
' rearranging, we have 
aT dV 
Crp aR E PY (6.55) 


Here C, is assumed to be independent of temperature, For a pro- 
cess that takes the gas from a volume V; at a temperature Tj to a 
new volume V2 and temperature 75, we have 


Car Cav 
Cr aaa [7- 
qi T 

; Cy Te Mas 

or R In E m In Y +» (6.56) 
On rearranging equation (6.56), we have 
Ta, (YNO 

In Ti =ln (+) Reo 


Further, for an ideal gas, we have the relation between C, and 
‘Cy as 
C,—C,—R 
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Substituting this in equation (6.57), we get 


CAG 
m m (+) © 
Tı V, 
TAM 24 
or In uh ( Y; ... (6.58) 


(S i aS 2 
where xem. the ratio of heat capacities at constant pressure and 
vy 


constant volume. Taking antilogarithm of both sides of equation 
(6.58), we get 


or T3VoYA— TV, Y! ... (6.59) 
Further, for 1 mole of an ideal gas, PV—RT 
PV 
or T: bs FE 
Substituting the value of T in equation (6.59), we get 
PV: V; E 
WES (vari Fit (Vi) 
or PW” =P V” $35 (6.60) 


Similarly, substituting V by ar in equation (6.60), we have 


RIp \Y Rn Jj, 
^UE) -hR 
or Te? P2 Y—TiY Py . . . (6.61) 
The results of equations (6.59), (6.60) and (6.61) may be summaris- 
ed in the convenient form 
TVY1=constant, PVY—constant, 
Ic. 
and TP Y -constant. 
These relationships will always hold in an adiabatic mechanical 
change of an ideal gas. 
In an isothermal change, PV=constant and for an adiabatic 
change, PVY —constant where y>1. If a comparison be made of the 


reversible work obtained from an adiabatic expansion and isothermal 
expansion, one can see that for the same initial pressure and volume, 
isothermal expansion results in a larger final pressure than the final 
pressure for adiabatic expansion. This is shown in Fig. 6.4. The 
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reason for this lies in the fact that adiabatic expansion is accom- 


panied by fall of temperature which will tend to diminish the volume. 
But in the isothermal process, the temperature is constant. 


f 
SN 
y 


NM 


Pressure —— 


re 


Volume ——> 


Fig. 6.4. Adiabatic and isothermal processes. 


Problem. 6.4. Calculate q, W and AE for the conversion, at 100°C and 1 
atm. of 1 mole of water into steam, for which the heat of vaporisation is 
9720 cals. 

Solution. The heat required for this purpose is the latent heat of vaporization, 
which is 9720 cal/mole. Thus we have immediately 

q=9720 cal. 

Since the work done in the process results from the expansion of the system, 
it is calculated from W=PdV. 

Further more, the pressure remains constant, and the integration gives 


Y. V. 
w= | PdV=P í dV 
V, V 

-P-V) 


The volume of one mole of liquid water V, is about 18 c.c., and the volume 
of 1 mole of steam Va can be estimated from 
373 
u-( E Jano» 
230600 c.c. 
The work of expansion is then obtained as 
W- (1) (30600—18)= 30582 c.c. atm 
=740 cal. 

The first law equation now allows the calculation of the internal energy 

change as 
AE-q-W-9720—740-— 8980 cal. 

For this process, most of the added heat is seen to go into increasihg the 
internal energy of the water, and only a small fraction is expanded in pushing 
back the atmosphere. 

Problem 6.5. Calculate q, W and AE for the reversible expansion of 10 moles 
of an ideal gas from an initial pressure of 1 atm to a final pressure 0.1 atm at a 
constant temperature of 0°C. 
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Solution. The internal energy of an ideal gas depends only on the tempera- 
ture. In this expansion, the temperature remains constant, and we can write 


AE=0. 
Again the work term is work of expansion and is calculated from f Pav. 


Both P and V change as the expansion occurs, but the relation PV=nRT, with 
constant T, allows the integration to be performed. Thus 


w- | Pav 
A A l 
= [ "Lave In 2 | 
3 Vy 
or W=nRT ln *- nRT In c 2 | 


The final expression in terms of pressures follows from the fact that the tem- 
perature is constant, and 


PAV =P Vs 
Ve Py 
a NA 


Substitution of numerical values gives 
i W=(10) (1.987) (273)(2.303) log 


=1250 cal. 
Finally, the first law expression is used to obtain g 
ka q= AE+W 

=0+1250 

=1250 cal. 


In this example, all the absorbed heat is expanded in the work of expansion, 
and the internal energy of the gas remains unchanged. 


10 
0.1 


6.19. WORK OF EXPANSION IN REVERSIBLE ADIABATIC 
PROCESS 


` We have 
w-PdV 


This equation gives the work of expansion W in an infinitesimal 
stage of a reversible, adiabatic process i.e., PAV which is equal to 
—C,dT (from equation 6.54). For an appreciable process, the total 
work of expansion, W, is given by 


Ve Ti 
Ww [eav-— [oar .. . (6.62) 
A 9 


Assuming C, to be constant, equation (6.62) can be integrated to 
yield i 
W=—C,(I2—T,)=C(T,—T) . « + (6.63) 
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Ta 
W=GT, ( i$) 
or 17 T, 
yi 
: A E Pa Nose 
But, since T -( P, ) 
yo 
5 w-cn1 OR) Y) «+ (6.64) 
P, 


An other expression of maximüm work in the adiabatic reversible 
expansion of an ideal gas can be obtained as follows: 


d PyY-constant 


Differentiating this equation gives 
YPV Y AdV--VYdP—0 


yPdV+VdP=0 
VdP=—yPdV .. + (6.65) 
Further, from complete differential of PV=RT, we have 
PdV--VdP—RdT y 
or VdP=RdT—Pdv «+ (6.66) 


Substituting the value of VdP from equation (6.66) into equation 
(6.65), we get 
RdT—PdV=—yPdV 


RdT 
or en «+» (6.67) 
For n moles, this equation becomes 
nRdT 
PAKTEN ar (6.68) 
V 
Further, +. Wax [Par 
V 


Substituting PdV from equation (6.67) into "this equation and 
changing the limits to the temperatures corresponding to the volumes, 
we get 

Vs Ts 


a 
Wns J PaV= J i 


RDD) i 
or Wes Gy .. . (6.69) 


when 7272171, Wmax is negative meaning that work is done on the 
gas. But, if T2< T1, Wmax is positive and work is done by the gas. 
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TABLE 6.1 
Thermodynamic changes in isothermal expansion of an ideal gas 
Reversible Free Actual 
TT, T-7, TER 
W-nRTin- P W-o O«W-nRT In $2 
V. Vy 
AU=0 ,AU=0 AU=0 
Q=nRT Int Q-0 > : O«Q«nRT n 2 
1 a 
Q-w 
AH=0 AH=0 AH=0 
TABLE 6.2 
Thermodynamic changes in adiabatic expansion of an ideal gas. 
Reversible Free Actual 
V, yj Y, 
Ve Va Va 
=—Cy (T,-T,)>0 W’=C\(T,’—T;)=0 W"=—C\(T,"—T,) > 0; 
Pp. = s Ty-T7, WW 
j a) Tes T, H 
but Ta" » T, 
AU- CK(T;-7,) «0 AU'-0 AU'— CT," —7,) «0 
AH- Cy(T4—71) «0 AH'-0 AH"— Cy(Ty— T1) 0 


Problem 6.6. Calculate the work of expansion of 1 mole of an ideal gas 
initially at 25°C, the pressure being changed from 1 to 5 atm under (a) Isothermal 
conditions and (b) Adiabatic conditions. (Given Cp=7.0 cal deg? mole" and 
Cy=5.0 cal deg mole-?). 


Solution. (a) Under Isothermal conditions, 


2t P, 
Wisothermal 72:303 RT log S 


2 
Here R=8.313X10? ergs, T=273,2+25=298.2 K, 
P,—1 atm and P,—5atm 
e 1 
V'sotherma] 7 2-303X8.313X107x298.2 log — 
= —3.99x 101? ergs mole? 
(b) Under Adiabatic conditions, Y 
Boc 
W adiabatic -on dus (2) Y ] 


Cy=5.0X4.187X10" ergs deg"! mole? 


Here 7,—298.2 K, 
: mpm qim 
Cor uH ea rem cim] 
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2 
2 5\7 
W adiabatic =5.0%418710"x298.2 [1 (+)7] 
=—3.6410" ergs mole. 


Problem 6.7. 2 moles of N, at S:T.P. are compressed reversibly to a volume 
of 10 litres. Calculate the work done when the process is carried out (a) isother- 
mally and (5) adiabatically. (Given Y71.40) -— 


Solution. (a) Under isothermal conditions 


d y, 
£ Wisothermal 72-303 RT log x 
Here V,=2X22.4=44.8 litres, Ve=10 litres. 


R=8,313X10? and T=273.2 K 
=2,303X8.313%10?X273.2 log a 


Wisothermal 


A =—3,405 X10" ergs deg-? mole^!. 
(6) Under adiabatic conditions, d À 


= R(T.—T, 
Wadiabatic = AOT) 
Here, 7,2732, R=8.313X10", y=1.40 and T,—? 
T; can be obtained as follows: Veiis i 


Ty A - T Y 


or. TeX (10)1:407152732 x (44.8): 
or . Ta=497.4 K. 3 
yw. = 8.313 107(497.4 273.2) 
adiabatic ^ — — 1—1]40 


= —4.663X 10! ergs deg-! mole-!, 
6.20. JOULE-THOMSON EFFECT 


Joule-Thomson porous plug experiment is one of the very important 
methods for the quantitative measurement of deviations from ideal 
behaviour of a thermodynamic system from the determinations of . 
the change in temperature. 


Their apparatus is shown in Fig. 6.5. 


Fig. 6.5. Joule-Thomson experiment. 


A gas from a high pressure region A is allowed to pass to a low 
pressure region C through a throttle B which consists of a porous 
plug. The gas emerging at C attains an equilibrium and its tempera- 
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ture can be measured directly. The entire system is thermally insula- 
ted, so that the process is an adiabatic one, and q—0. Let Pı be the 
pressure, V, the volume and 7, the temperature of the gas before it 
expands and P2, V2 and T» be the.final pressure, volume and the 
teinperature of the gas. 


The work done on the gas before it is forced through the porous 
plug, will. be—P,V, and the work done by the gas in expansion will 
‘be P;V; and hence the net work done by the system is W=P2V2— 

..P,V,. Since the process is being carried out adiabatically, q—0, 
and therefore, applying the first law, we have 

; AE-E—E,2W- —(P1—Va—P,Vj) 
~ Or Ej—E,4-P,Vi—PoVo 

Ej4-PjV;i— Ei PIA , 

R H=H; (© H=E+PV) 
or AH=0 

In words, the: heat content of a system during its expansion 
‘through a throttle remains constant. 

Joule-Thomson coefficient (usr). It is the rate of change of 


*emperature with the pressure which is observed when the gas flows 
through a throttle from a higher pressure to a lower pressure. 


‘Mathematically, Joule-Thomson coefficient (usr) is represented as 


en-ho jj ... (6.10) 


Derived relations. For purpose of- evaluation, it is frequently 
essential to express the Joule-Thomson coefficient in terms of other 
ypartial derivatives. 

Since H=f (P, T) 

Gere OEE eH 
ane (5g), a+ (or), 
Imposing the restriction of constant enthalpy, we get 
(2), =P) 
3P.)r \ oT /PX OP Ja 


"which on rearrangement gives 


(35) (.. (@H/aP)r 
H 


OP m  (0HjeT)e 
S IH i 
E ur p), PX (671) 


Thus psr can be calculated from (+), or vice versa. 


Again utilising the relationship H=E+PV in equation (6.71), 
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another relation of interest is obtained which is given below: 


e] e 


and since E is a function of P, V and T, which are not independent, 
it follows: 


Aul 8E aV e[PY] 
er er). Ge) +(e Je ] 69 
Equation (6.73) is perfectly general and is applicable to any gas. 


m &PY] 
Further, for an. ideal gas, since ( aV id —0 and also ( apu 


=0, it follows from the above equation that &;7—0. Thus, the Joule- 
Thomson coefficient for an ideal gas is zero which implies that when 
an ideal gas expands through a throttle, no change of temperature 
is observed. : 


Joule-Thomson experiments with real gases showed that as a gas 
approaches ideal behaviour, the Joule-Thomson effect becomes less 
marked. Since there is no attraction. between the molecules of an 
ideal gas, no work is done by the gas on the surroundings and no 
heat is given up or absorbed. E 


Inversion temperature. A positive „sr indicates the expansion 
of a gas which results in cooling. On the other hand, a negative wir 
refers to the warming of the gas. It has been observed that jr is 
positive at and below room temperature for all gases except Hz and 
He and at sufficiently high temperatures, ur is negative for all gases. 
If the temperature is suitably low, even Hz and He show a cooling 
effect during expansion. Thus for each gas, there is at least one tem- 
perature at which pr changes sign, and hence is zero. For example, 
hydrogen is warmed if the initial temperature is above —80°C and 
shows cooling effect below—80°C on expansion, At this temperature, 
usr=0 and this temperature is called the inversion temperature. At 
inversion temperature, the gas neither heats nor cools on expansion, 

It can be proved that for a gas obeying van der Waals equation 


ume ab ) a a (6.74) 
From equation (6.74), it is evident that 
(i) At low A pep AO psr>O0 and the gas cools’ on 
expansion. 
(ii) At high temperatures, <b, usr <0 and the gas is heated 
_on expansion. 


(iii) At some intermediate temperature, tb, prr=0 and no 
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change in temperature is observed on expansion. Obviously, this is 
the inversion temperature, 7), and we have 


2a 
Ris 


Thus, if van der Waals constants are known, 7; can be calculated. 
The Joule- Thomson effect can be used as the basis for liquefaction 
of gases, refrigeration and steam engineering. 


PROBLEMS 


1. Explain clearly the terms: 
System, surroundings, state of system, change of state. 


2. What do you understand by the terms internal energy and enthalpy of a 
system? How are they inter-related? 


3. A gas expands against a variable opposing pressure given by po} atm, 


where V is the volume of the gas at each state of the expansion. Further, in 

expanding from 10 to 100 litres, the gas undergoes a change in internal energy of 
A\E=100 cal. How much heat is absorbed by the gas during the process? 

Ans. q—668 cal. 

4. Two litres of N, at 0°C and 5 aim pressure are expanded isothermally 

against a constant pressure of 1 atm until the pressure of the gas is also 1 atm. 

Assuming the gas to be ideal, what are the values of W, AE, AH and q for the 


process? 
` Ans. W=q=194 cal; AE=AH=0. 


5. One mole of an ideal gas is allowed to expand reversibly i.e., against a 
confining pressure that is at alltimes infinitesimally less than the gas pressure, 
from an initial pressure of 10 atm to a final pressure of 0.4 atm, the temperature 
being kept constant at 0°C. 

(a) How much work is done by the gas? 

(b) What is the change in E and H? 

(c) How much heat is absorbed? — - 

Ans. (a) W=1910; (b) AE- AH=0 ; q—1910 cal. 


6. For a certain ideal gas, Cp=8.58 cal mole^! degree-1. What will be the final 
volume and temperature when 2 moles of the gas at 20°C and 15 atm are allowed 
to expand adiabatically and reversibly to 5 atm pressure? 

x Ans. V=7.45 litres; t=46°C 


7. Show that the work done in a reversible adiabatic expansion of 1 mole of 
an ideal gas is given by the relation 


Es 
w-on[ (2 ) S6] 
if Cp and Cy are independent of temperature. 


8. Show that each of the relations given below simplifies to Cp—Cy=R for an 
ideal gas 


(a) C—O =| P+ (3 XX s). 
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Gr), 
eT 
(b) C,—C,y-—T (2). 

3r); 

RM at LC av 
© Cy—C,-TV - where a (Sr), 
deor: 
aod ep (ie), 

9, For a van der Waals gas, the Joule-Thomson coefficient is given by 


uenis Ai 3abP 
wre el xr pu) 
Show that the temperature of inversion as a function of pressure is given by 
the relation : 
_ atVa—3ab P 
ie bR 
10. Calculate the amount of heat needed to heat 200 grams of NO from 27°C 
at 227°C at constant pressure. Given that 
= -aTi 2 
- Ono 7.04-7.3x 107? TI—9 x 10-7" cal/mole 
Ans. 8670 cal. 
11. Show that work of reversible expansion of a gas is maximum and of 
reversible compression of a gas is minimum. 
12. Derive an expression in each of the following cases: 
(a) Isobaric reversible expansion, 
(b) Isothermal reversible expansion when pressures are known and when 
volumes are known for the initial and final states. í 
13. Why are Cp and C, of a substance usually different? When will they be 
same? When will Cp be more than Cy and when will Cp be less than Cy? 


Ti 


Chapter 7 
THERMOCHEMISTRY 


7.1. INTRODUCTION 


It is well known that reactions are accompained by the transfer of 
heat from reactants to surroundings or vice versa, Thermochemistry 
deals with the heat changes associated with chemical processes either 

- at constant volume or at constant pressure. The subject has great 
practical utility as it give us information about the energy or enthalpy 
contents of compounds, a knowledge of which is necessary for the 
study of chemical bonding and chemical equilibria. The laws of 
thermochemistry are largely based on the first law. Unfortunately, 
the scope of thermochemistry is limited largely because only a very 
few- ofthe several chemical reactions are such that their heats of 
reaction can be accurately measured. In order to know whether a 
given reaction can be subjected to a precise calorimetric study, it 
must satisfy the following criterion of: (i) fast; (ii) complete; and 
(iii) a clean reaction. We shall consider these criterion one after 
the other. : 


(1) Fast reaction. A reaction has to be fast because if the heat 
is to be given out or absorbed in a short period of time, it will be 
easier to prevent the transfer of heat from the reaction system or 
into it from the surroundings. 

(2) Complete reaction. The reaction must go to completion, 

' that is, all the reactants should be converted into products. This is 
necessary to avoid difficult corrections which have to be made for 
the unreacted material. * à 

(3) Clean reaction. A clean reaction implies that the reactants 
should given only one set of products free from any side-reactions 
which might occur in addition to the main reaction. The side 
reactions interfere with the accurate calorimetric study of a chemical 
reaction. 

The heat changes are usually expressed in kilocalories; abbreviated 

. to kcal, where 1 kcal—1000 cal. and sometimes also in joule. 


72. STANDARD STATE AND THE SIGN CONVENTION 
FOR HEAT TRANSFER 


The value of enthalpy and internal energy will depend on the tem- 


perature and pressure for any given physical state. In order to- 
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standardise the data on heats of reaction, it is necessary that some 
reference point be established for the thermodynamic states of the 
reactants and products. The choice of sucha reference point is just 
arbitrary and is called standard state of the substance. In thermo- 
chemistry, temperature of 25°C (298K) and pressure of 1 atm are 
generally used as standard conditions for all substances (pure solids, 
liquids and ideal gases). (More recently, the standard state is defined 
at pressure of 1 atm. and any specified temperature). The symbols 
g,land s placed in the parentheses after the formula indicate 
whether the substance taking part in the reaction is gas, liquid or 
crystalline solid, respectively. Consider a general reaction represen- 
ted as: 


Reactants—-»Products E 


For {this reaction the internal energy change and the enthalpy 
change are given by: 


AE= Eproducts 7 EReactants 
AH= Hproducts — HReactants 


If the reactants and products are in the standard state, the heat 
transferred is called the standard heat for that reaction and AZ and 
AH for such reactions are symbolised by AZ? and A H^ respecti- 
vely. If heat is absorbed in a reaction, it is known as endothermic 
reaction and if heat is evolved in a reaction, it is described as 
exothermic reaction. AH or AE will be positive, if heat is absorbed 
and negative, if heat is evolved. 


7.3. HEAT OF REACTION 


It is the change in enthalpy when molar quantities of reactants shown 
by the balanced equation for the reaction react completely. 

Consider the reaction in which one mole (12 g) of graphite com- 
bines with one mole (32 g) of gaseous oxygen given one mole (44 g) 
of gaseous carbon dioxide. In this reaction, 94.03 k. calories of heat 
are evolved. The reaction can be symbolised as: 


Cis) + O2(g) =CO2e) AH=—94.03 kcal. 
For a constant pressure process, 
(AH)p=(AE)p+PAV 


For reactions involving only liquids and solids, since AV is very 
slight; PAV is usually negligible in comparison with (A E)p. There- 
fore, for reactions involving solids and liquids, the heat absorbed 
at constant pressure and constant volume are same for all practical 
purposes. For reactions involving gases 


PAV=A,RT 
is (AH)p= AE+AnRT CEU) 
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where An is the change in the number of moles of gaseous products 
and reactants. Here it is assumed that the gases are ideal. Equation 
(7-1) is utilized in converting AH into AE and vice versa. This can 
be illustrated by considering the example given below: 

Problem 7.1. When 1 mole of liquid benzene is completely burnt in oxygen 
to form liquid water and carbon dioxide gas, AH is —781.0 keal at 25°C (298K). 
Calculate the heat of this reaction at constant volume at the same temperature, 

Solution. For this reaction. t 

CoH,() +7402(¢) =3H,0() + 6H 0(2) 
A Hsgss— — 781.0 kcal, 

The number of moles n4 of gaseous reactants is 7.5, while the number of 

moles mp of gaseous products is 6, so that 
2 An-np—n4- —1.5. 

The temperature T is 298K, and R may be taken as 2 cal (or 2X 1075 kcal) 
deg-? mole 

hence, from equation, AH=AE+RT An, we have 

AH- AE—(2X107*x298X1.5) 
—981.0— AE—0,9 
or e AE —780.1 kcal. 


This is the heat of reaction at constant volume. 


74. THE LAWS OF THERMOCHEMISTRY 


The two laws of thermochemistry are based on the principle of con- 
servation of energy. The first Jaw was given by Lavoisier and Laplace 


in 1780. It states as follows: 


“The quantity of heat which must. be supplied to decompose a: 


compound into its elements is equal to the heat evolved when the 
compound is formed from its elements." 


Thus if the reverse of a chemical reaction is written, the sign of ; 


AH is changed, but its magnitude remains same. For example, the 
heat evolved when water is formed from hydrogen and oxygen is 
exactly equal to the heat absorbed when water decomposes into 
hydrogen and oxygen. The thermochemical equations can be sym- 


bolised as: È 


Hag -HO:9— H200 AH=— 68300 cals. 
H20(y ^ Hag + 40212) AH=+68300 cals. 
The other examples of this law are the following: 
CO2@)-+ Hate) =CO(e) +H20 ce) AH= — 680 cals. 
i H20) + C0 =C) Hag AH=+ 680 cals. 
SoH Oz =SO2re) AH- —70960 cals. 
SOze =S + Oz) AH=-+70960 cals. 


Hess’s Law. This empirical law was put forward by Hess in 1940. 
According to this law, “the overall heat change in a chemical reaction 
carried out either at constant pressure or at constant volume is the 
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same, irrespective of the fact whether the reaction proceeds in one or 
several stages.” 

This is a direct consequence of the first law of thermodynamics, 
according to which AE and AH are equal to the heats of reaction 
at constant volume and constant pressure respectively and are 
dependent only on the initial and final states of system. j 

Suppose that we are provided with one mole of ammonia gas and! 
one mole of hydrogen chloride and the aim is to get one litre of 
molar ammonium chloride solution and at the same time, we wish to - 
measure the heat transfer in this process. 

To start with, let us combine the gases to form the solid salt and 
then dissolve this salt in water. This can be symbolised as follows: 

NH3-4- HCI——NH4CI q=x kcal 
NH4Cl--aq—— NH4CKM) q=y kcal 
where M stands for molar solution. 


The overall heat transfer will be given by (x+y) kcal. The other 
Scheme for carrying out these reactions is given below: : 


NHs;4-aq—-NH; (2M) q=z kcal 
HCl--aq——HCI (2M) q=r kcal 
NH30M)4-HCIQM)—-—NH4CKM) ‘ q=s kcal 


The overall heat transfer will be (z+-r-++s) kcal. On comparing the 
overall heat transfer of the two results, it is found that 
x+ys=ztr+s 
This proves Hess’s law which may also be stated that if different 
Processes are used to bring about the same change, the heat change 


is same for all of them. T 
The importance of Hess's law lies in the fact that heat changes. 
can be calculated for reactions that cannot be performed in the 


. laboratory. In these calculations, thermochemical equations can be 


added, subtracted, multiplied or divided algebraically. Some of the: 
applications of Hess's law are: 

(i) formation reactions of some compounds. 

(ii) calculation of lattice energies of ionic crystals. 

(iii) study of multistep reactions. ’ 

(iv) determination of calorific values of food and fuels. 


Problem. 7.2. Determine A H for the reaction 


2C--2H—9 CH, AHsc-? 
given the experimental results 3 
C4-0,—- CO, A Hsc —94 kcal sd» 
H,+40,—+H,0 AH35sc7 —683kcal..—.., o (i) 


€,H,--30,—292C0,42H,0 —— AfHoscm-Mikeal |... (Iii). 
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Solution, If equations (i) and (ii) are multiplied by 2 and then added, we have 


2C+20,—+2C0, A Has«C— —2X94 kcal 
2H, +0,—+2H,0 A Hasc —2X68.3 kcal 
WES ae A es AR a E a 
2C--2H,4-20,— 92CO, +2H,0 AH5ssc—9324.6kcal. |... (iv) 


Subtracting equation (iii) from equation (iv), we obtain the desired equation 
2C--2H4—- CH, 4A H355:C— (—324.64-342) — 4-17.4 kcal. 


7.5. HEAT OF FORMATION 


The thermal change involved in the formation of 1 mole ofa sub- 
stance from its elements is known as the heat of formation of the 
substance. If the reactants and products involved in the reaction are 
in the standard state (281 K and 1 atm), the heat change is referred 
to as the standard heat of formation. 


In measuring heat of formation, a number of difficulties arise.. To 
get around some of the difficulties, an assumption is made that 
the enthalpies of all elements in their standard states at 25*C are arbi- 
trarily taken to be zero. 1f an element exists in more than one allo- 
tropic fi rm under these conditions, the form most stable at 1 aim 
and 25°C is taken to have zero value. 


Suppose you were to design an experiment to determine the heat 
of formation of carbon dioxide (q°) which is defined by the equation 


Cint Oze 2 CO) q'—xkJ 


In principle the method looks quite simple. You might decide to 
take a known weight of carbon and burn it ina stream of oxygen, 
transferring the heat to a calorimeter so tliat it can be measured. 
Now an important question arises—which allotrope of carbon will 
you choose and will the heat depend on the allotrope. Experiment 
shows that it does matter and in the case of carbon, graphite Ci 
and diamond Ci, to give different results, i.e., 


Cir) + O2(9;— > CO2g) q^— —393.51 kJ mole! 
Cid) + 02(—— CO xe) q°=—395.41 kJ mole-! 
From the equation : 
2Mgig--055—-2MgOs,s, q°=x kJ 
Calculate the standard heat of formation of magnesium oxide. 


The equation shows that x kJ accompany the formation of two 
moles. Therefore the standard heat of formation will be x/2 kJ. 


It is often possible to measure a heat of formation directly because 
the reaction will not work. If we want to find the heat of formation 
of potassium sulphate, we cannot put the elements together and 
measure the heat produced. The reaction, ` 


2K) +S (e+ 2022) KS O45) q=y kJ 


————— 
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will not work. It is because of this reason many heats of formation 
must be calculated using Hess's Law; 


Generally speaking a compound that has a large heat of formation 
is unstable and one with a negative heat is stable. Consider the 
thermal stability of the hydrides of the halogens. When hydroiodic 
acid is warmed it breaks down quite readily forming appreciable 
quantities of hydrogen and iodine. 

2HI—>H2+h 


Hydrogen bromide is more stable and hydrogen chloride is difficult 
to detect. 


It is most important to distinguish between chemical reactivity and , 
thermal stability. You will see that while calcium carbonate has a 
very low heat of formation, so that we would predict a high stability 
for it, (i.e., the reaction, 

2CaCO3s)—>2Cais) + Cis) + 30242) 


will be a hard change to bring about) it is nevertheless quite react- 
ive, for example, a 


CaCO;(54-2HClg —- CaC las) + H201) +COr(2) 


The problem is a common one because many elements show allo- 
tropy. It is therefore necessary to specify which allotrope is used 
for the synthesis of a compound and the normal practice is to use 
the most stable allotrope at the standard conditions. Table 7.1 gives 
the standard heat of formation of some common substances. 


TABLE 7.1 

Compound Standard heat of. Compound Standard heat of 

formation formation 

(kJ mol) (kJ mol-*) 
HOr) —241.82 SOxc,) —296.8 
HO) — 285.83 H:S ee) —39.3 
NH —46.11 SF«,) —1209.00 
HNO« —174.1 HCl) —92.31 
H,S0,(1) —811.3 HBr g) —36.4 
NaCl.) —412.1 Hlc +26.5 
Na0H(, —425.6 €0,(5) — 393.51 
KCl (8) —435.6 ALO« S —1669.8 
NO 2) +90.25 SiO; (s) — 859.4 
NO +33.2 FeS es) —954 


N94, «916 c FeS, - —1179 
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Problem 7.3. Calculate the standard heat of reduction of ferric oxide by 
aluminium which proceeds according to the following reaction. 
2Al s) -FesO3(,2Fe,, + Ala +Al:09;5) 
Given the heat of formation of Fe;O,,, and Al,O4,, are—196.5 kcal mole"? 
and —399,1 kcal mole=? respectively. 
Solution. Let the heat of reduction of ferric oxide by aluminium be x kcal: 
2Al s) + FeO;(,,*2Fe,, + AlOsqs, AH? =x kcal 


QEQUAM o o ues] o 
and AH gis 2H Fe, *H AlO pa Lipa Fen] 


—(0—399.1)—(0—196.5) 
=—202.6 kcal. _ 

Hence the standard heat of reduction 
=—202.6 kcal. 

Problem 7.4. Calculate the heat of reaction for 
CO, -H;0,,7 CO; (o Hat 


at 20°C from the given table of heats of formation 


Chemical species Heat of formation 
AHf (kcal mole) 
0, —68.3 
CO —26.4 
CO; —94.0 


Solution. Substitution in the given equation 
CO(4-H:04, 7 COi (gy + Haig) 
—26.4—68.3— 94.00 
gives for the reaction 
AH reaction H products —H reactants 
—94.0—[—26.4 4- (—68.3)] 


94.0—(—94.7) 
—94.0+94.7=0.7 kcal 


"AH reaction 0.7 kcal at 20°C. 
7.6. HEAT OF SOLUTION 


When a substance is dissolved, heat may be either liberated or ab- 
sorbed depending on the relative amounts of energy which are used 
up in breaking down the crystal lattice on the one hand and the 
energy liberated during the hydration of the solute on the other. 
The quantity of heat evolved is not constant but varies with the con- 
centration of the final solution. This may be due to a number of 
factors, e.g., the variation in the extent of hydration of the solute, 
and in some cases to the degree of dissociation. 

The heat of solution is, therefore, defined as the amount of heat 
evolved when one mole of the solute is dissolved in a specified amount 
of solvent. For quantitative expression,. the total heat change per 
mole of solute when solution is complete is called the integral heat 
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of solution. Per mole of dissolved substance the integral heat of. 
solution at any given temperature and pressure depends upon the 
number of moles of solvents in which solution takes place, This can 
be indicated as follows: 
HClg--50H,0g—HCI(50H20) AH=—73KJ mole"! 
which means that when 1 mole of HCI is dissolved in 50 moles of 
water, 73 KJ of heat are evolved. If the final solution is. very dilute 
(i.e., such that further dilution would cause no additional heat 
change) the equation is written as fi 
HCli4-ag—HCloo AH=—75KJ mole 

"where aq represents a large volume of water. 

The corresponding AH value is called the heat of. solution at in- 


finite dilution and represents the upper limit of heat released when 
.a substance is dissolved in a large excess of solvent. 


The difference between any two integral heats of solution gives the 
heat involved in the dilution of. solution from one concentration to 
.another concentration, and is called the integral heat of dilution. 
Thus, the heat evolved on diluting HCl (50H20) with a large quan- 
‘tity of water is 
(HCI)(50H;0) --aq —HCl(aq) 
AH=—75+73=—2KJ 


ie., in diluting HCI (50H20) to infinite heat of solution, 2KJ of heat 
is given out. : ; 
Consider a general solution process in which nz moles of a solute 
.are dissolved in nı moles of the solvent at any given temperature 
and pressure. Since the integral heat of solution depends on the 
amounts of both solvent and solute, we have 5 


AH=f (n, n2) 


or A m-[358] an [ HO | di 
Replacing [32] by A, and [492] by AH», 


~weget (AH) =A Hidnid- A Hadn? 

ANH, and AĤ; are called the partial or differential. molal heats of 
.solution for the solvent and solute respectively. These cannot be 
measured directly but can be calculated from the integral heat of 
solution data. 

The differential heat of solution of the solvent is the difference 
between the / M1, values for two different. concentrations, namely, 


(AHia— GB — (A H1) 


-where the subscripts 1 and 2 outside the brackets represent, respec- i 
tively, initial and final concentration. Similarly, the differential heat 
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of solution of the solute is given by 
(AH3)a—(AH2)2—(A H3) 


Substances that dissolve with the liberation of heat do so because 
they react with water. Hydrogen chloride undergoes the change 


A H 
| 

HCI4- S0-Ci--H—0—H 
H Y 


where H3O* can be regarded as a hydrated hydrogen ion. 
Similarly, 
H2S04+ 3H20->2H30+-++ (SO4.H;0)?7 
where sulphate ion is also hydrated. Anhydrous salts give out heat 
too and forthe same reason, anhydrous copper sulphate reacts to 
form hydrates of both ions present, 
Cu? SO? -- 5H20-(Cu.4H20)?++ (SO4.H20)?- 

The formation of bond between water molecules and ions is 
always an exothermic process; although the nature of the bond 
depends on the ion. Anions link with water molecules by hydrogen 
bonding. Some cations link by cotonic bonds, other electrostatisti- 
cally. 

One the other hand, when a salt is dissolved in water and in the 
process of solution, no new species are formed, the process is endo- 
thermic as it is accompanied by the separation of ions, e.g., solution 
of KI in water. 


7.75. HEAT OF NEUTRALISATION 


When aqueous solution of acids and bases react, heat is evolved. 
The change in enthalpy when one gram equivalent of an acid is neutra- 
lised by one gram equivalent of a base in dilute solution is known as the 
heat of neutralisation of the acid. 

It has been shown that the heat of neutralisation of any strong 
acid by a strong base is practically the same as shown in the follow- 
ing reactions: : 

HCl ag)-+ NaOH 5, NaClqag4- H20 AH-——13.7 kcal 
HNO; + NaOH(5—NaNO5(-4-H40 AH=—13.7 kcal 

The constant value of —13.7 kcal for the heat of neutralisation of 
a strong acid with a strong base indicates that the same chemical 
change is taking place in all these reactions. The neutralisation of 
hydrochloric acid by sodium hydroxide can be symbolised as: 


H++Cl-+Nat+OH-~Na*+Cl-+H20 
or H*--OH-—H;0 AH=—13.7 kcal 


isi caeli ci ieu 
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Hence every neutralisation reaction involves the combination of 
H+ and OH" ions to form unionised water. However, the heat of 
neutralisation of a weak acid or a weak base is not constant. This 
can be explained on the ground that in such cases, in addition to 
neutralisation, the ionisation or dissociation of the weak acid or the 
weak base also takes place. For example, the neutralisation of acetic’ 
acid by sodium hydroxide solution: 

CH3COOH 4-NaOH ^ CH3COONa-- H20 
: AH== 13.25 kcal . . . (i) 
is in reality a two-stage process: 
CH3COOH:SCH3;COO*4-H* AH2=D «+ (ii) 
where D is the heat of dissociation and 
H*4- OH->H20 AH=—13.7 keal . . (iii) 
The sum of equations (ii) and (iii) gives equation (i). Consequently, 
—13.25=D+(—13.7) 
or D=+0.45 kcal 

Hence the heat of ionisation or heat of dissociation of a weak 
acid or a weak base can be determined from the heat of neutralisa- 
tion data. 

Problem 7.5. The heat of neutralisation of hydrocyanic acid by sodium 
hystoria is —2.90 kcal/gm—equivalent at 25°C. Calculate its heat of ionisa- 
ion. f 

Solution. The given reaction is 


HCN+0H->CN-+H,0 A Hasec, =—2.90 kcal. : 
Let AH; be the heat of ionisation of hydrocyanic acid. 
HCN#Ht+CN7- $25 (I) A Hsec =AHM 
H*++OH-+H,0 ... ii) AHos»c =—13.7 kcal 


The sum. of these two equations (/) and (ii) gives 
AHi+(-13.7)=—2.90 
or AH;=+10.20 kcal. 


7.8. HEAT OF FORMATION OF IONS IN SOLUTION 


Since the heat changes in ionic reactions depend on the ions] in 
solution, it is convenient to use the heats of formation of ions rather 
than the heat of formation for the neutral molecule. The heats of 
formation of ions under standard conditions i.e., when all the species 
are at unit activity, are obtained in the following way: 


The standard heat of formation of one mole of water from hydro- 
gen and hydroxyl ions (which is essentially equal to the heat of 
neutralisation of strong electrolyte) and the standard heat of forma- 
tion of water from its elements are given by 

H+ agy + OH (a9 H20 AH°=—13.7 kcal 


Hag) +4022) H201) AH’=— 68.3 kcal 
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„Reversing the first equation and combining it with the second 
gives . 
HogyriOng—H*agd-OH-ua) — AH^——54.6 kcal... (a) 


This represents the sum of the heats of formation of a proton and 
hydroxyl in solution. In order to resolve this sum and to obtain 
heat of formation of single ion, an arbitrary convention is adopted. 
According to this convention, the heat of formation of the hydrogen 
ion in aqueous solution is zero at 25°C and unit activity i.e., that for the 
reaction. 


HBogjd-aq—H* AH'55c-0 ...(b) 


when equation (b) is subtracted from equation (a), one gets directly 
the heat of formation of the hydroxyl ion, or 


Hwt 40219)-+ag=OH ee AH? 5590=54.6 kcal 


Hence the heat of formation of OH- is —54.6 kcal mole™!, Once 
the heats of formation of these two ions are known, those for other 
ions can be readily calculated from reactions having measurable 
heat changes. 


Problem 7.6. Calculate the standard heat of formation of chloride ions using 
the standard heat of formation of HCI in water at 25°C 


AH°95°C=—40.02 kcal 
Solution. The given reaction is 
tH,» *iCho +aq Moy +c, AH*,s. (7 —40.02 kcal. 


By combining it with the convention 1 
Ion Timon Hos ges d. 
We get 
ichc) tag=CC y AH ss 7 —40.02 kcal 
which is the heat of formation of chloride ions. 


Problem 7.7. Calculate the standard heat of formation of sodium ions in 
aqueous solution from the following reaction: 


Nacy tO) HB *ag-Na' t y tO, AH 500 7 —11224 kcal 


Given that the heat of formation of hydroxyl ions in aqueous solution at 25°C 
is —54.6 kcal. 


Solution. Given data: 
-Na*, E^ 9 -— 
Nac; HOs() Hag) ago Nat OHM (o AH sec 711224 koal 


and 3H) iO +aq=OH(,,) AH*,sc =—54.6 kcal 
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Combining these two equations, we get 
—11224— AH°ya+ - AH? oH- 


= AH yas —54.60 
or AH? ge =—112.24454,60=—57.64 kcal. 


Problem 7.8. Calculate the enthalpy change when infinitely dilute solutions 
of CaCl, and Na,CO; are mixed under standard conditions. It is given that 
standard heat of formation of Ca?* CO and CaCO,,, are —129.8, 

(aq); (aq) (5) 
—161.63 and —288.45 kcal/mole respectively. 
Solution. The reaction is 


Catt gay FACT y BANE e COS (oa) 
— -C aCOy j+ 2Na*( ) +2C! 1 (oq). 


Cancelling the heats of chloride and sodium ions which appear on both sides 
of the reaction, we get " 


canc yt CO (aa) —9*CaCO« AF 7500 =? 
AH 5500 for this reaction is given as 
- DH neon —H'CaCO, [H° +H? Cais- 
25°C O [ Cat (c. HP Cut ] 
Substituting the various values given, we get 
AH? soq =(—288.45)—[(—129.77) + (—161.63)] 
=+2,95 kcal. 


7.9. HEAT OF COMBUSTION 


The heat of combustion ofa compound or element is the change of 
heat content when one mole of it is burnt in oxygen at constant 
pressure. : 

The heats of combustion depend on the conditions of burning. 
For example, if water is the product of combustion, the heat evolved 
will depend on whether it is in the liquid or vapor form. Thus itis 
essential to state the conditions of combustion and to have a: stan- 
dard heat. If one mole of a substance is completely burnt into 
oxygen, reactants and products being at 298K and 1 atm, the heat 
evolved is referred to as the standard heat of combustion. Standard 
heat of combustion are usually stated by means of an. equation, for 
example, 


C&He4-74 O2=6CO2+3H20 AH?— —7181.0 kcal 


This:means that when one gram molecule of benzene is burnt in 
excess of oxygen, 781 kcal of heat are given out. The heat of com- 
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bustion can be determined experi- 
mentally in a Bomb calorimeter. 
The general form of this apparatus 
is shown in Fig. 7.1. 


The substance whose heat of 

combustion is to be determined is 

| placed on the platinum support 

and above it the two platinum wires 

\ are joined by a thin spiral of iron 

jd wire. The bomb is closed and 

oxygen is introduced till the pres- 

sure inside the bomb is about 25 

E atmospheres. The electric spark is 

b then produced by which a large 

Fig. 7.1. Combustion bomb. amount of heat is produced. This 

will raise the temperature of the 

water around the colorimeter. To start with, the apparatus is cali- 

brated by the measurement of temperature rise resulting from the 

cémbustion of a sample with a known heat of combustion Generally. 

a known weight of benzoic acid is taken, the heat of combustion of 
this compound being accurately known. 


T: 
76 
|? 


In organic chemistry, the combustion reactions are of outstanding 
suitability. The heat of combustion is also of great practical signifi- 
cance. Fuels are bought on their calorific values. The energy pro- 
viding foods are classified by the amount of heat they liberate when 
they are ‘burnt’ in the body. 


It has been observed that substances whose molecules contain the 
same atoms and similar linkages, have heat of combustion that are 
very nearly the same. This idea can be utilized for establishing the 
structure of organic compounds. 


710, VARIATION OF HEAT OF REACTION WITH TEM- 
PERATURE ; 


The heat of a reaction, calculated from a table of standard heats of 
formation or obtained. calorimetrically, corresponds to some one 
definite temperature. As reactions are carried out at various tem- 
peratures, it is very frequently necessary to know heats of reaction 
at temperatures other than those at which they were determined. 
Consider a general reaction: 


Reactants—-Prcducts 


The enthalpy of reaction is given by 
AH=H Products—H Reactants 


Differentiating both sides of this equation with respect to tempe- 
rature we get, 
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( AH ) =( 8H Products ) ( 9H Reactants ) 
does pura P 


oT oT aT 
By definition of heat capacity at constant pressure (see section 
6.12): 
| oH 
Cr=( ar if 
Therefore, 
OAH a 
( eT Y —C, Products—C, Reactants 
dAH 
ro ( er ), TAG, Petes) 


Hence it is necessary to know the difference in heat capacities of 
the products and reactants in order to determine the variation of 
heat of reaction with temperature. This is known as Kirchoff"s 
equation. Similarly, we can obtain the equation for the variation of 
AE with temperatures, namely 


( 3AE jn =C, Products—C, Reactants 


oT 
=AC, Beaty (1:2) 
For a small range of temperature, AC, can be taken as constant and 
equation (7.2) can be written as 


| «AH)- Í ACT +. 03) 


The integration of equation (7.4) depends on whether AC; is con- 
stant or temperature dependent. When AC, is constant, then integra- 
tion between the temperatures 7; and 72 yields 


AH: T. 

[aom [ ^er 

AH, T, 

AHa— A Hi ACÓC?—T) s 
or AH2=AH,+ AC(T2—Ti) «++ (7.4) 
where /\ Mp is the heat of reaction at 72 and Advis that at Ti. ` 
However, when temperature interval is very large, AC, is not 

constant, then 


| «Am | Acar+ ane 


or AH- | ACUTA AH, SATS) 


_ Here A Ho is a constant of integration. In order to evaluate the 
integral in equation (7.6), AC, must be available as a function of 
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the temperature, Generally, the heat capacities of gases vary with 
temperature as a function of power series of T i.e. 
Cp—a-4-8 T--1T2-9T?4- .... 


where «, B, Y, 9 etc., are constants for the given gas and must be 
derived from the experimentally determined heat capacities over a 
range of temperature. For the general chemical reaction, 


aA+bB+... —>lL+mM+... 
the overall change in the heat capacity, AC», is thus given by 
ACC -m(Gp)u t - » 1 Ila(C4-- (Cp) - - 1 
Here the Cp terms are the molar heat capacities of the species 


indicated. 

Problem 7.9. The standard heat of formation of liquid water is —68.3 kcal 
at 25°C. Calculate the value at 100°C. The molar heat capacities at constant 
pressure in the given temperature range of Hat, Org) and H:O are 6.89, 6.97 


and 18,0 cal deg-* mole" respectively. 
Solution. The reaction for the heat of formation of liquid water can be 
written as: 
Hag) 30g) =a 
AHB^ssc =—68.3 kcal 
ACp-18.0—[6.89-- (3X 6.97 :1 
—7.63x 107? kcal deg~ 
A T1—T,=15 
AH,=— 68.3 


From Kirchoff’s equation, 
Haz —68.34-7.63x 10-3 X75 


or AHs=—67.7 kcal. 
Problem 7.10. From the following information: 
(0) 4C, H;Cl(o) 13015) 

7 Clg) 8COs(,) -0H,O(g) 


AHK — —1229.6 kcal 


(ii) C,Ha(oy 390g) 2COx (gy 3H«O(g) 
AHggk = — 241 kcal 
Heat of formation per mole of H20(g)= —57.8 kcal 
Heat of formation per mole of HCl — 21 kcal, 
(a) Calculate AF 99k for the reaction 


Crag) TCh(g) 7CGH:Clo +HClheg), 
(b) Assuming ACp for the first reaction to be 
— 10 cal/deg., calculate ANHaggk 


(c) Calculate AFE59gK for the reaction. 
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Solution. Write the first reaction in backward direction: 
10H,0+8CO,+2Cl,=130,+4C,H,Cl AH; —1229.6 kcal. 
Multiplying equation (ii) by 4 
4C,H,+140,=8CO,+12H,O AH,— —4X 341 kcal. 
To get 4 moles of HCI 
2Cl,2-2H, -4HCI AH; —4X21 kcal. 
Write the equation for the formation of water in backward direction 
2H,O=0,+2H; AH,=2%X57.8 kcal, 
Adding all these equations, we get 
4C,H,--4Cl, — 4C, H,CI--4HCI 
AH 1229.6 —1364—84--115.6 
=—103 kcal. 
(6) AH 393K = AH 98K TACT s—Th) 
= —1229.6—(10100)/1000 
or AH39gk = —1230.6 kcal. 


© — AEB nggn = AH ggg- AURT 
—.—1229.6— (20—17)x:1.98--10-1--298 
AE ggg = —1231.4 kcal, 7 


Problem 7.11. The standard heat of formation listed for gascous NH; is 
—11.02 kcal/mole at 298K. Given that at 298K, the constant-pressure heat 
capacities of gaseous Na, Hs and NH, are respectively. 6.96, 6.89 and 
8.38 cal/mole, determine A H^;s4k and A Hy,sk for the reaction 


1 3 2 
Eg) 72 Big) NH (g) 
Solution. For the reaction we can write, 
AH^59gk 7 A H?xg, -0—0— —11.02 kcal/mole 
For the reaction that concerns us; at 298K, 
ACp=8.38— 1 (6.96) —-(6.89) 
= —5.43 cal/mole 
From equation 
b AH, = AH ACT — 1) 
We have 
AH 77340 7 HF ACHT3—298) 
= —110204-(—5.43)(475) 
= —13600 cal/mole. 


711. THE TEMPERATURE OF FLAMES 


A flame may be regarded as a region where gases are reacting to 
produce heat and often light. The heat produced raises the tempera- 
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ture of reactants and products within the flame. The gaseous pro- 
ducts leave the flame with a high thermal energy and this is trans- 
ferred to-the surrounding air by molecular collisions. Such a trans- 
formation in which the heat produced is radiated to the surround- 
ings is assumed to have taken place at a constant temperature. 
However, if a chemical reaction, e.g., the combustion of gaseous 
hydrocarbons in oxygen or air, takes place under adiabatic condi- 
tions, the heat produced is not dissipated to the surroundings but is 
used to raise the temperature of the products sufficient to produce 
a flame. This temperature is called the maximum flame temperature 
and will depend on the amount of heat produced by the reaction. If 
the reaction takes place at constant volume, the quantity of heat 
liberated is denoted by AE and the maximum temperature is called 


298'k. | Atm. 
2VoL.H; == 


AVol.O2 


298'k , 1 Atm 
Fig. 7.2. The oxygen-hydrogen flame. 


the explosion temperature. For a constant pressure process, the heat 
liberated is denoted by AH and the maximum temperature to which 
the products are raised is called the flame temperature. Consider the 
oxygen-hydrogen flame as is shown in Fig. 7.2. 


The hydrogen and oxygen in the ratio of 2 moles and 1 mole are 
supplied to the burner at 298K and 1 atm pressure. The reaction 
occurs to produce steam at T K and 1 atm pressure. The steam then 
mixes with the air and its heat energy is radiated to the atmosphere. 
Ignoring the radiation from the flame, which is very little, the flame 
reaction can be written as : 3 


2H; 4-0; —2H30 ; g=O 
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In other words, heat pro- 
duced is used to raise the 
temperature of the product 
and non-escapes. According 
to the Hess's law, the heat 
evolved in a change is inde- 
pendent of the route taken. 
Hence instead of considering 
the complex route present in 
the flame (PR), we construct 
a simple route P—Q-R as 
shown in Fig.7.3. ` 


Temperature —> 


1 Ignition Time —> Steady flame 
In the first stage, PQ repre- — rig, 7,3, Hess's law applied to flames. 

sents the conversion of one 4 

mole of hydrogen and half a mole of oxygen both at standard con- 
ditions, to one mole of water at standard condition, In the second 
stage, OR represents the heating of one mole of water at 298K to 
TK. Utilising the principle that the overall heat radiation is zero, 
T, the temperature of flame is calculated which comes out around 
10,000K. The measured temperature of an oxygen-hydrogen flame 
is found to be lower than this. This discrepancy in the observed and 
theoretical value is due to the fact that specific heats are not cons-. 
tant over a range of temperature and also, existence of molecular 
water is doubtful at very high temperature. 


From a knowledge of heats of reactions and of the variations with 
temperature of the heat capacities of reactants and products, we can 
easily calculate the maximum flame temperature with the help of 
Kirchoff’s equation written in the form 2 


Tr 


AF heating) =— AMceaction)= [3(nCp)d T 
TY 


In this equation, we have taken A H(heating) =—A FH (reaction) 
because the heat required to raise the temperature of the products 
from initial temperature Tı to the maximum flame temperature, T2, 
is equal in magnitude to the heat of reaction, but opposite in sign. 
X(nCj) is the sum of the heat capacities of all the species present in 
the system when the reaction is complete. Similarly, it is possible to 
calculate explosion temperature by using AE and C, exactly in the 
same manner as were used AH and C, in the: calculation of flame 
temperature. 


+ Problem 7.12. The heat of combusion of methane is —212.8 kcal at 25'C; the 
difference. in the heat contents of liquid water and vapor at.1 atm, pressure at 
25°C is 10.52 kcal, Calculate the maximum temperature of the flame when one 
mole of methane is completely burnt in calculated amount of air (1 O, to 4N,): 
just sufficient for combustion at 25°C and a constant pressure. The necessary: 
data of heat capacities and their temperature dependence are given on next page. 
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Cr(CO,)76.396--10.100x 107? — 7—3,405x 107* T? 
Co(H.O, g)—7.219--2.374X107* - T+0.2670X10-° T? 
Cp (Na)=6.450 +1.414X 107? T— 0.0808X 107* T?, 
Solution. Since water is ultimately in the gaseous form at higb temperature, 
the value of AH at ordinary temperature is requited with water vapor as the 
product; thus, 


CHy(g)+20,(¢)=CO2(g)+2H20(/) . AH»598K =—212.80 kcal 
2H,0(1)=2H,0(g) A H»598K =2X 10.52 kcal 
so that, addition of these two reactions gives 
CHa(g) + 201(¢)=COx(g) + 2H20(2) AHK 7:77:191 16 kcal 


It is now supposed that this quantity of heat is utilised to raise the tempera- 
ture of the producis, consisting of 1 mole CO,, 2 moles-H;O and 8 moles of Na 
which were associated in the air with 2 moles of O, used ia the combustion of 1 
mole of CH,. If 7, is the maximum theoretical flame temperature to which the 
;products are raised, then the heat requied to raise the temperature of the products 
‘from 25°C i.e., 298K to T, must be equal in magnitude to the heat of reaction, 
:but opposite in sign, From Kirchdff’s equation, using 


AA (heating) = — 4 (reaction) = 191,760 cal, 


we have 
T, 
191,760— [socoer 
T 
Here, 


` E(nC5) = Cp(CO,) +2X Cp (HO; g)--8 X Cp (Na) 
Substituting the various values of heat capacities from the given data, we 


have 
Z(nCp)— 72.43--26.15x 107? 7—3.517X 107* T? cal deg-?. 


Anserting this into Kirchoff’s equation, 
we get 


T, 
191,760— f (72.434-26.15—107? 7—3.517x:107* T3aT 
298 
=72.43(T,—298)-+13.08X 107? [7,— (298)*] 
—1.172X 107* [7,3 — (298)*] t 
or  214470—7243 T,+13.08X10-* 7,1—1.172X 107* T? 


Solving this equation by the method of successive approximations, the value 
of 7, is found to be about 2250 K or 1980°C. 


7.12, BOND ENERGIES 


A more fundamental approach to the problem of calculating heats 
of reaction for processes for which no thermal data is available is 
by the use of bond energies. By the bond energy is meant the ave- 
rage amount of energy per mole necessary to rupture a particular 
bond in a molecule and thus effect a complete separation of the 


‘THERMOCHEMISTRY * 163 


resulting atoms or radicals from one another. For diatomic mole- 
cules like Ho, Oz, N2, Cl; or a molecule like AB, this energy is 
called as bond dissociation energy and is easily measured by spectro- 
scopic methods. Bond energy and bond dissociation energy are 
equivalent only for diatomic molecules, In a polyatomic molecule, 
the energy required to break a given bond will depend to some 
extent on the nature of the remainder of the molecule and will vary 
from compound to compound. For instance, the energy required to 
break the O—H bond in an alcohol is not the same as the energy 
needed to break the same bond in an organic acid. The bond energy 
in a polyatomic compound is the average amount of energy required 
to break a particular bond in one mole of the compound. For exam- 
ple, in the water molecule, we have r 


H20 =H e + OH) AHsk=119.95 kcal mole! 


On the other hand, to break the O—H bond in the hydroxyl 
radical requires a different heat quantity 


OH) Og Hug: AHss=101.19 kcal. NI au 
The bond energy eg... Will be the average of these two values i.e., 
p= 19253101 110.57 kcal mole 


In the case of diatomic molecules, such as H2, the bond energy 
and the bond dissociation energy are identical, for both refer to the 
following reaction: 


Hyg) —2H eg pg A Hoe = 104.18 kcal, 


In order to determine the bond energy for a particular bond such 
as the C—H bond, we first determine the enthalpy change for the 
„following reaction: s 


z - CHi =C + 4H : m 
Let AH be the enthalpy change for this reaction. If we call the 
bond energy of C—H as ec_y then 
AH 
ec-H= ~4_ 
(C. there are four C—H bonds and all the bonds are identical). 
From the heat of combustion data, AH for CH4 was found to be 
398.0 kcal. Therefore 4 i 


, —99.5 kcal mole 


~ Similarly, bond energies for the H—O, H—N, H—S bond can be 
determined from the heats of reactions in which the molecules H20, 
NH; and HS are formed from their atoms. When a bond breaks 
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bond enthalpy is positive. But, 


enthalpy is negative. 
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when a bond is formed, bond 


It is important to appreciate what is meant by one bond. The sym- 
bols H2, Clo, N2 refer to one mole of the substance which contains 
6.023 x 1023 molecules. Thus one mole of hydrogen chloride contains 
6.023 x 1023 linkages and one mole of ammonia contains 3» 6.023 
X102 linkages. The energy to break one H—H bond actually 
means the energy to break all the linkages in a mole of the gas. 


In diamond the carbon atoms are arranged in such a manner that 


Fig. 7.2. ‘The structure of diamond 
in two diamensions. 


Colid)- ^ C(sas) 


each atom has four neighbours 
placed at the corners of a tetrahe- 
dron. Each carbon atom is linked 
to its neighbours by covalent 
bonds as shown in Fig. 7.4. 

To calculate the bond energy 
€c_c, We proceed as follows: 


The heat required to vaporise 
carbon is measured from the 
following reaction: 

ANH — 4-160 kcal. 

From the above figure we see 
that in order to produce one 
mole of carbon atoms, twice this 


number of C—C bonds must be broken. Therefore, the bond energy 
€c_c is +80 kcal. Table 7.1 gives the results of bond’ energies for 


various bonds. 


TABLE 7.2 
Bond Energy Data (in kJ mol-?) 

Bond ' Bond energy Bond Bond energy 
c—c 348 N—H 331 
C=C 610 N—N 861 
C=C 826 N—O 175 
H—H 436 N=N 

H—F 563 O—H 463 
H—CIl 432 o—O 140 
H—Br 366 S—S 339 
H-I 299 F—F 153 
C—H 413 CI—CI 243 
c—Cl 328 I-c 210 
C—O 350 I—Br . 178 
c=0 732 N—CI 200 
C—N 292 Si—Si 177 


Uses of Bond Energies 


The concept of bond energy is very useful and finds number of 
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“user in chemistry. The important uses are: 

(a) comparing the strengths of bonds, 

(b) understanding structure and bonding, 

(c) estimating the enthalpy changes in reactions, and 

(d) understanding the mechanisms of chemical reactions. 

The most important application of bond energies is their use in 
estimating the enthalpy changes in chemical reactions. These estima- 
tions are particularly useful when calorimetric or other experimental 
measurements can not be made. 


Problem 7.13. Given that the bond enthalpies for C—H, CI—Cl, C—Cl and 
H—Cl are respectively 99, 58, 78 and 103 kcal/mole, determine AH for the 
reaction: 

CH, Ch 7CH;Cl -HClcy 


Solution. In this reaction, the three C—H bonds in CH, are unaffected and 
they may thus be neglected. Only one C—H bond in CH, and one H—H bond 
in H, are broken. In turn, one C—C] bond in CH;Cl and one H—Cl bond in 
HCI are formed. Therefore, 


AH5scg => €c_ci teget cH tcc 


Inserting the various values, we get 
AH5ssc = —(78-4-103) 4- (99 4-58) 


A Hose 7 —24 kcal. 


PROBLEMS 


1. What is meant by the heat of a reaction? Outline one method by which the 
heat of a reaction can be determined. Of what value is a knowledge of the heat 
of a reaction? 

2. State Hess's law of constant Heat Summation and show thatit is a direct 
consequence of the first law of thermodynamics. j 

3. Discuss the use of Hess's law in calculating heats of reaction that are 
difficult to determine experimentally. j 

4. Define the terms (a) Heat of formation; (b) Heat of hydration; (c) Heat of 
neutralisation. 

5. Calculate the enthalpy of formation of Ca(OH),(s) from the following 
data: 


Hag) 3O«g)- Hi0qy ANH —68.3 kcal 
CaO, + HO p= CaO) AH- 153 kcal 
Ca(sHOxg)7 CAs) EE hea tial 


_ 6. Define the term heat of combustion. Give one method for its determina- 
tion. S 


Ethanol was oxidised to acetic acid in a catalyst chamber at 18°C. Calculate 
the rate of removal of heat to maintain thẹ reaction chamber at 18°C with a 
feed rate of 30 kg per hour ethanol (plus excess oxygen) to the system at 18°C, 
given that a 42 mole per cent yield (based on ethanol) is obtained. Given that: 
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AH f 298K [H:0()]— — 68.4 kcal mole! 
_ AH f291k C HOHO)]- —66.0 kcal mole? 
AH, 291 k[CH;COOH()]- —118.0 kcal mole- 


` Ans. 32,970 kcal hr^* 


. 7. Calculate the heat of formation of aluminium chloride which exists as 
dimer (Al,CI,) in the solid, from the heat of reaction of the following reactions: 


Al; +3HCl(qqy 7 AICI, (qq) Bac) ABESSE A Koal 
Hagy +tCla p) - HCl) AH*- —22.05 kcal 
HCl(g)+a9=HClqqy AH°=~17.96 kcal 
HAL Cly pj taq= AlCl (ag) AH*- —719 kcal 


8. For the hydrogenation of cyclohexene to form cyclohexane at 82°C accord- 
ing to the reaction 


CH (gy Hi(g) = CoHia(ey 
AH 355K= —28.6 kcal mole-!. Calculate the heat of hydrogenation of benzene 


‘to cyclohexane at 82°C. The experimental value is —49.8 kcal mole-!, explain 
the discrepancy. Ans, —85.8 kcal. 


9, Deduce the relation for the study of variation of heat of reaction with 
temperature. 


10. Calculate the heat of vaporisation of H,O at 120°C, and 1 atm pressure. 
The heat capacity of HOQ) may be taken as 1.0 cal/g-degree, Cp for vapor as 
0.45/g-degree, and the heat of vaporisation at 100°C as 540 cal/g. Ans. 529 cal/g. 


11. Explain what is meant by term **bond energy." How can the bond energy 
data be used to assign the correct structure to a molecule? 


12. By using bond energies, calculate the approximate heat of formation of 
ethane. The reaction is, 


2C()43H(g)- HG) —— Ans. —19 kcal. 


13. The heat of formation of ammonia at 18°C and 1 atm pressure is. —11,020 
cal mole-!. Calculate its heat of formation at 320°C. Given that 


Cp(Na, g)—6.76--0.606 x 107?74-1.3x 1077? cal deg-? mole? 
Cp(His. g)=6.62+0.81 X 10-5 cal deg^! mole t 


Cp(NH;, g)=6.70 +6.30 x 107?T cal deg"! mole-* 
Ans. —12,390 cal mole-* 


14. On the basis of the following data, evaluate the standard enthalpy of 
formation of tungsten carbide, WC(s) 


C(e)+0,(¢)=COx(e) AH? ggk 7 —94.052 kcal 


WC(g)4- 3-09) WO) CO, (0) AH ggk —285.80- kcal 


WC(5)--04(8)- WO.) BE mak renal 


Ans. 8.41 kcal. 
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15. Using the bond energy data given below, estimate the heat of formation 
of gaseous isoprene 


H 
nc-c-ó-cn 
CH; 
Given that: 
Bond energy of C—H bond =98.8 kcal mole-* 
Bond energy of C—C bond 3.1 kcal mole7! 


=147.0 kcal mole-* 


‘Bond energy of C=C bond 
—171.7 kcal mole-* 


Heat of sublimation carbon (graphite) 

Heat of dissociation of Hs(g) — 104.2 kcal mole^* 

16. In a typical experiment, using a bomb calorimeter, the bomb and the 
inner container are warmed by 5 1365?C when 105.60 kcal of heat is generated 
electrically. Calculate the heat capacity of the calorimeter. 1f 10.165 g of carbon 
in the form of graphite is burned in the calorimeter ard a temperature increase of 
3.8718? is produced, calculate the heat of formation of carbon dioxide. 

Ans. 20.559 kcal deg-? 


94,05 kcal deg™ 


Chapter. 8 


ENTROPY: THE SECOND LAW OF 
THERMODYNAMICS 


8.1. SPONTANEOUS PROCESSES 


Although the First Law of Thermodynamics establishes the relation- 
Ship between the various types of heat changes and work performed, 
it does nottell us about the source of heat or the direction ‘of 
heat flow. It simply requires that the.total energy is conserved when- 
ever any change takes place. Thus, according to first law, it is 
possible to transfer heat from a lower to a higher temperature with- 
out any external aid. But in actual practice, it is not so. Instead, 
heat always flows spontaneously from a warmer to a colder body. 
Experience tells that (a) water runs downhill, (b) petroleum vapors 
and oxygen, when reminded by a small spark of their chemical 
obligations, react in a car engine to produce a mixture of exhaust 
Bases, (c) the electricity tends to flow from a point of higher poten- 
tial to one of low, (d) if aqueous solutions of NaCl and AgNOs are 
mixed, AgCI is formed spontaneously. 

Now must we ask ourselves, why the opposite process of the ones 
mentioned above do not occur? That is, can water flow of itself 
upwards? Can carbon dioxide and water vapors congregate to form 
petroleum and oxygen? If electricity can flow from lower potential 
toa higher potential? All these questions are foolish questions 
because these things have never happened. However, from these 
observations we find that all naturally occurring processes always 
tend to change spontaneously in a. direction which will lead to equi- 
librium and are unidirectional. The second law sums up our experi- 
ence with equilibria just as the first law sums up our experience with 
energy. 

A process is said to be reversible if during the change the system, 
is always in equilibrium and the change proceeds infinitely slowly. 
For a reversible change the work dore by the system is maximum, 
Le. Wre Wi, and Grey>qirr. Thus during a reversible change, a 
system absorbs maximum heat from its surroundings and performs 
the maximum work on the surroundings. 


8.2. THE SECOND LAW OF THERMODYNAMICS 


"The second law of thermodynamics can be stated in a number of 


er ee Ene S. Giu 
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ways. The original statements were concerned with the French 
engineer Sadi Carnot's analysis of performance of steam engines. 
There are two important statements of the second law; one is due to 
Lord Kelvin and other is due to Clausius: The statement due to 
Kelvin may be expressed as: 


It is impossible for a cyclic process to take heat from a cold reservoir 
and convert it into work without at the same time transferring heat 
from a hot to a cold reservoir. 

The statement due to Clausins is: 

It is impossible to construct a machine, which is able to convey heat 

by a cyclic process from one reservoir at a lower temperature to 

another at higher temperature unless work is done on the machine by 
some outside agency. ; 

A cycle is a process in which a system returns to its original state 
after a succession of steps. A more useful statement of the second 
law can be given in terms of a quantity which is also a function of 
state called, entropy. 


$8.3. THE CARNOT CYCLE 


It was pointed out by Carnot that even an ideal engine, operating 
under ideal conditions, eannot completely convert absorbed heat 
into work. Only a fraction of the absorbed heat is converted into : 
work and that this fraction is determined by the operating tempera- 
tures, 0g and bz, and does not depend on the nature of the engine. 
To prove this, Carnot considered a hypothetical engine which con- 
verts heat into work by a cyclic process. The engine consists of a 
cylinder fitted with a weightless and frictionless piston and contain- 
ing a given weight of any ‘working’ substance. Two heat reservoirs 
which remain at constant temperature viz., 05 (upper) and 67 
(lower) respectively are also available. The Carnot cycle consists of 
four steps: 


(1) Isothermal expansion; 

(2) Adiabatic expansion; 

(3) Isothermal compression; and 

(4) Adiabatic compression, j 

A diagrammatic representation of the four stages of Carnot cycle 
is given in Fig. 8.1. 


Step 1. The gas cylinder is placed in the heat reservoir maintain- 
ed at temperature (y and the gas is expanded isothermally and 
reversibly from an initial volume Vj to a volume V2. The pressure 
also changes from P; to P». j 


In doing so. the system absorbs qz calories of heat from the cons-« 
tant temperature bath. This heat goes to increase its internal energy 
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by AE; and performs the work Wi. According to the first law, we 
have then 


y A00 1 : BD 
q; S $ NN 
| Heat conductor SN Haat conductor 


Insulator T 
Y) ON nsulator 
RNW NER 
DR AW 


Stroke 1: Isothermal Expansion Stroke 2: Adiabatic Expansion 


œ> insulator 


— 
Heat conductor 


. | Stroke 3: |sotnermel Compression  Stroke4: Adiabatic Compression 


Fig. 8.1. Carnot engine, 


Step 2. The cylinder is then taken out of the reservoir, insulated 
and is allowed to expand reversibly and adiabatically to. volume V2 
while the temperature of the system will drop to 07. Since no heat is 
transferred; q—0. According to first law, 


AE —Wa : 592) 


Step 3. The insulation is removed and the cylinder is now placed 
ina constant temperature bath maintained at temperature 9, and 
the substance is compressed isothermally and reversibly from V3 to 
Vs. Now qi calories of heat flow from the substance to the cold 
reservoir and work W3 is done on the system. 


Hence , 
A Ey——qi—Ws s13p(8.3) 
Step 4. The cylinder is removed from the reservoir and insulated 


again. The substance is compressed reversibly and adiabatically 
from the volume V4 to the original volume Vi. The substance per- 
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forms the amount of work W4 and the temperature of the system. 
rises from 6; to 0x as it returns to its original state. This being an 
adiabatic process, q—0 and so we have 

IN E4——W4 wee (8.4) 


The cyclic nature of the whole process can best be seen with the 
help of a P-V diagram, known as an “indicator diagram" in 
Fig. 8.2. 

The step 1 takes the substance 
from state A to Bin an isother- | A 
mal reversible expansion. The i 
step 2 takes the substance from B 
to Cin the reversible adiabatic 3 
expansion. The step 3, involving A 
the isothermal reversible com- | 
pression, takes the substance | 
from state C to state D. Finally ° 
the step 4, involving the adia- 
batic reversible compression . of | 
the substance takes it from state 
D to state A. | 

As a result of these four stages, f 
the system has returned to its 
original state, so that a reversible 
cycle has been completed. The 
total change in energy for the 
complete cycle is given by 


AE-AErt AE AE AK 
—(qa—W1) —Wa—(qi--W3)—Ws 
—(q2—41)— (WA + W2+W3+Wa) i 1 
—(qs—41)— 11285) 
where Wm is the net work done in the complete cycle. Further, since 


for a cyclic process, the sum of internal energy for the whole process. 
will be zero, the net work is given by 5 
Wn=2—41 ; «+ (8.6) 
It can be seen that only a portion of the heat taken in from the 
hot reservoir can be converted into work. Further, since efficiency: 
of a machine is defined as the fraction of heat absorbed at the higher 
temperature by the engine that it can convert into work, it follows. 
on dividing both sides of equation (8.6) by q2 that 


Fig. 8.2. P-V diagram forCarnot's 
cycle. 


Wm _ d2—41 

TES 687) 
where cis the thermodynamic efficiency of the Carnot cycle. It 
follows from equation (8.7) that the efficiency of an engine is always. 
less than unity, since qı is less than q2. This is another way of stat- 


e= 
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ing the fact that no engine can be constructed which can completely 
convert all the heat energy supplied to it into work. Equation (8.7) 
further shows that e is independent of the nature of the working 
substance and is determined only by g2 and qi. 


This result is of fundamental importance because its use leads to 
the definition of.a temperature scale which does not depend on the 
arbitrary fixed points of a thermometric substance for its definition 
and therefore, holds for all substances. This scale is called the 
thermodynamic temperature scale and was first given by Lord 
Kelvin. According to Kelvin, the temperature of each reservoir on 
thethermodynamic (Kelvin) scale is defined as proportional to 
the quantity of heat transferred to or from it in a reversible cycle. 
Suppose 0; and 05 represent the temperatures at which quantities of 
heat are rejected to and drawn from cold and hot reservoirs. Then, 
from equation (8.7) 


Wm  d2—4« _ 95—6L 88 
CR ae te mr .. (8.8) 


The condition for the size of the degree on the Kelvin scale may 
be derived by subjecting any working substance to a Carnot cycle 
between the ice point and the steam point at one atmospheric pres- 
sure so that 05—0;—100. Further, from equation (8.8), knowledge 

“of thermodynamic efficiency would enable one to find 0g and thus 
help to arrive at the thermodynamic temperature corresponding to 
the steam point. Knowledge of 6 would also fix 07, the ice point of 
water and one would then obtain the ice point on the thermody- 
namic scale, 


Actually, it will be seen shortly that 6-values, on the absolute 


thermodynamic scale of temperature, are directly proportional to 


T-valueson an idealegas temperature. If then it is agreed that 
273.16° is also to represent 6;-value for the ice point of water, it is 
assured that the absolute scale will everywhere coincide with the 
ideal-gas law. This is proved by taking an ideal gas as the working 
substance and subjecting it to a Carnot cycle. 


Carnot cycle for ideal gases. If one mole of an ideal gas is 


‘used as the working substance.in a Carnot cycle between the tem-. 


peratures Tz and 7; corresponding to 04 and 07, then we have in line 
with Fig. 8.2, the scheme of Table 8.1. R 


For the complete cycle, sum of the internal energy will be zero 
and the net work done W will be given by W=q.—qi. Further, 


W=WitWrt+W3+W 


Ti Ta 
V2 Vs 
w=RTrIn( 2) + | C,dT+RT; In (f CT 
2 1 
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TABLE 8.1 
Step no. General case Ideal gas 
1. AEma-W, AE,=0, W,-q,- RT, In (1) 
1 
% Tı 
2. AE-S-—W, AES-W-— | C, aT 
Ts 
3. AB=-4-, — AB=0, Wem RR in ( $+) 
T, 
4. AE 7 —W, AE= -W= | C,dT y 
. $ 
V2 Vs À 
WERT: In (F HRT n (Ft) oe 9 


In this, cyclic process, q2 is the heat absorbed from the hot 
reservoir and qı is the heat returned to the cold reservoir. Hence 
the heat absorbed by the system is (g2—91) and this is equal to the. 
network done by the system. 


Therefore, W=q2—q1=RTa In (en In (+) . «+ (8.10) 


Equation (8.10) can be simplified by realizing that in Fig. 8.2, Va 
and V3 are the end points on the adiabatic curve BC and V; and V4 
are the end points on the adiabatic curve AD, 


Hence, by equation (6.59) 
TVET TW VY! 
On dividing the first of these equations by the second, we get 


rE 


as V3, 
er Vi Va 


Inserting this result in equation (8.10), we have 
m =RT in ( Ps ( V 
W-e-a-hrh (72 )-2n n(3 ) 
V; , 
W-— R(T2—13) In EZ! +. © (8.11) 


‘ 
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cand the efficiency is given by 
R(T4—Ti) In (2) 


WEA 1 
dec 12 RT; In ($) 
Vy 
DT 
SUP. TR - (8:12) 


It is obvious from equation (8.12) that the efficiency of a Carnot 
cycle can never be unity since for the efficiency to reach unity, 71 
must be equal to zero. Since this temperature can never be attained, 
therefore, it follows that no engine can have 100 per cent efficiency. 
In other words, 100 per cent conversion of heat into work is impossi- 
ble in any-cyclic process. It also follows from equation (8.12) that 
„in order to increase the efficiency, one must use as low a sink tem- 
perature (71) and.as high a source temperature (72) as possible. 
Furthermore, thé thermodynamic efficiency must be the same for 
allreversible processes operating under given temperature condi- 
tions. This is referred to as Carnot Theorem. Equation (8.12) can 
be used to estimate the maximum conversion of heat into work for 
a real engine. This is very useful in engineering and explains why 
internal combustion engines with their high temperatures have more 
efficiency than steam engines. 

Further, on comparing equation (8.12) with equation (8.8), we 
find that 
R bu—ð Tr—-Th 


JA To 

er Ti 
j 2E = 92981 
8 an Ts e 
“Tt follows from-equation (8.13) that @—values, on the absolute 
thermodynamic scale of temperatures, are directly proportional to 
T-values on an ideal-gas temperature scale. From this fact, it follows 
that the thermodynamic and ideal gas temperature scales are really 
the same and may be used for all substances. 

Problem 8.1. An ideally operating refrigerator works between 0?C and T°C. 


It will freeze 1 kg of ice per hour (that is, remove 80 kcal of heat per hour at 
0°C). At the same time, the total heat output to the room is 100 kcal/bour. 


Calculate the value of T°C. * 
Solution. Since we have a relation, 


41 - 4s 


Th Ty 
n. 


Substituting the various values 
100 
T= (o pars 
T2=341 K : 


ot T, =68°C. 


ENTROPY: THE SECOND LAW OF THERMODYNAMICS 175 


Problem 8.2. A steam engine in a nuclear power plant operates between 800 K 
T 330 K. What is the maximum work that can be obtained from 1 kWh of 

eat? 

A household refrigerator operates between 373 K and 273 K. How many 
joules of heat can in principle be removed per kilowatt hour of work? A heat 
pump used:to heat up a building operates between an inside temperature of 
295 K and an outside temperature of 273 K. How much work must in principle 
‘be expended for every kilowatt hour of heat? 


Solution. 

24 TT, _ (1 kWh)(470 K) _ 

W-g up imber IP SERIES 0.588 kWh 
E Ta . (1 kWh)(273 K) 

a-W a7, = 100K 
=(2,73 kWh)(10 Js“? kW-)(60 mh=)(60 smt) 
—9,828X 10° J 
(0 TT, _ (I kWh)(22K) _ / 

Waa, 5 = “395K =0.0746 kWh 


Problem 8,3. A heat engine operating between 1,000°C and 25°C produces 
work that is entirely used to run a refrigerating machine operating between 0° 
and 25°C, Calculate the ratio of the heat absorbed by the engine to that aliti 
ed by the refrigerator, assuming ideal operation for both. 


Solution, The work produced by the engine, w 
—  42(T2—T1) 
=At a= aaa 49 
where T,=273+-1000 J 
=1273K ; 
T1=273+25 
=298 K 
w= (1273298) 
I 1273 


For the refrigerator, 


w'zq +9" 
ear (Ty E ) 
where T; =273+25=298 K 
Ty =273 
B S 41 (298—273) 
273 
Since w-w', 
We have 
4,(1273—298) _ 4,(298—273) 
1273 m 273 
hence ` Das CS =0.12. 


8.4, ENTROPY 


For any substance subjected to Carnot cycle operating reversibly - 


i 
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between temperatures Tz and Tı, we have 


W n—n | 7T7—n 


Se ———— 


q2 q2 T: 
or jp Hy T 
q: ; T; 
da. LL [ =H |. 
or 2«( = )=0 ECN 


. 
Asone isothermal and one adiabatic changes are involved, 


equation (8.14) is the algebraic sum of the $ terms where q2 is 
the heat absorbed reversibly by the system at 72 and —4:, the heat 
absorbed at the temperature Ti. It may also be noted from equa- 


tion (8.14) that the sum of the ratios En around a closed path is’ 


Zero. 


It can be shown that any reversible cyclic process may be regarded 
as made up of a large number of Carnot cycles and the sum of the 
entropy changes for the various cycles must equal to zero. Consider 
for example, a reversiblé 
cyclic process being repre- 
sented by abcd in Fig. 8.3. 
This may be approximated 
by Carnot cycles. The 
changes abc and cda may 
be regarded as a grid of 
isotherms and adiabatics. 
The grid can be used to 
construct a set of Carnot 
Cycles so that the outer 
parts of the set trace out a 
curve that approximates the 
general Carnot cycle. If we 
were to carry out all these 
UEM OU the net result 
^ : : would be the same as per- 
De PR e viera cies appre form ing the cyclic. process 
abcd. 


This isso because the Carnot cycles that are inside the boundary- 
cancel out because each is traced in both forward and in the reverse 
direction. If one goes to the limit of an infinitely closely spaced grid,. 
one can obtain an exact reproduction of any process. Thus for a 
reversible cyclic process performed on an ideal gas, we have 


rev __ š : A 
x =0 . . (8.15) 
Cycle : 
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where qre» represents the various heats absorbed divided by the tem- 
peratures at which the absorption of heat occurs. Y means the sum- 


mation of vo terms in all the Carnot cycles in which the process 
is divided. Equation 8.15 can also be writted as 


rey _ 
$ m0 ..4 (8.16) 
where $ signifies the integration around a complete cycle, and dqrey 
isthe heat absorbed in an infinitesimal small process carried out 
reversibly. 


Definition of entropy. Mathematically, it follows from equation 
(8.16) that as the cyclic integral vanishes, the integrand must be a 
perfect differential of some function of state of the system. This 
function was named ‘entropy’ by Clausius for the first time and 
denoted by the symbol S. The actual entropy of a system is not 
easily defined, it is rather more convenient to define the change in 
the entropy, dS, for an infinitesimal stage of an appreciable revérsi- 
ble process which takes place by taking 5qrey calories of heat at cons- . 
tant temperature as 2 


a barev 
dS— T 22. (847) 
where T is the temperature in absolute. If heat enters a body, S¢rev 
is positive, and the entropy change is positive. 


For any appreciable change, the change in entropy, AS, when a 
system goes from the initial state a to the final state b at a constant 
temperature T'is given by 


b 
AS-S,—S,— | /.. (8.18) 
a 


Since entropy, like the energy, is a function of state, dS, like dE, 


. is a complete differential, S is thus independent of the past history 


of the system and can be expressed in terms of thermodynamic 
parameters (P,V, T). The entropy ofa system, like the energy, is 
an extensive property, dependent upon the amount of matter in the 
system. . 


Units. Entropy has units of calories per degree and often stated 
as ‘‘entropy unit” (e.u.). 


8.5. ENTROPY CHANGE IN A REVERSIBLE PROCESS ' 


We have seen that for a reversible process, as for example in a Car- 
not cycle, total entropy change of the system must be zero since 
it has returned exactly to its original thermodynamic state. Hence, 
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as expressed by equation (8.15) 


rev _ 
23 Wd 


cycle 

for the system. This result takes into consideration only the sub- 
stance or substances included in the system and does not refer to 
the surroundings. In calculation of entropy changes, both the 
system and the surroundings must be taken into consideration. (The 
surroundings most frequently consist of heat reservoirs that can 
add to, or subtract heat from the system of mechanical devices 
which can do work on or accept work from the system). The combi- 
nation of the system and its surroundings correspond to an isolate 1 
system, 

In order to calculate entropy changes of systems and surroundings 
for a reversible isothermal process, consider an isolated system 
which consists of a cylinder containing any working substance and 
fitted with a frictionless and weightless piston. In order to main- 
stain constant temperature, the cylinder is enclosed in a large heat 
reservoir which is thoroughly insulated from its surroundings. Let 
-the temperature of the isolated system be constant and equal to T 
.and suppose the working substance expands reversibly and isother- 
mally from volume V, to V2. During this process, the working subs- 

: ,:tance will absorb a quantity of heat q, from the surroundings. 

Therefore, entropy change of the system is given by 


eS ell 


q 
ASsystem= T 
However, at the same time, heat lost by surroundings is equal to 
gr. Hence, entropy change of the surroundings is given by 


qr 
ASsurroundings = amid 


The total change of entropy, ASgxpansion, during expansion is 
then given by > 
ASexpansion c. A Ssystem t A Ssurroundings 
=f = ze (8619 
T T 0 . + (8-19a) 


If the working substance is now compressed reversibly and iso- 
thermally from V2 back to Vi, the heat lost by the system will be 
qr and so will be the heat gained by the surroundings. The entropy 
changes involved are 
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and the total change of entropy, ASconpression, during compression 
is then given by ^ : 
AScompression = AS system - AS'surroundings 


cT LATA T Berne 
=F + T79 Ve sob) 


Further, the total entropy change for the complete cycle, 

AStotai, is given by 
AStotai = ASexpansion+ AScompression =9 i. (8.20) 

The above considerations lead to the fcllowing two very impor- 
tant conclusions: 

(i) The entropy change of the system and surroundings together in a 
reversible, isothermal process is always zero. 

(ii) The total entropy change for a reversible isothermal cycle is 
zero i.e., at the end of the cycle, the system has the same entropy as 
it had in the initial stage. 


86. ENTROPY CHANGE IN AN IRREVERSIBLE PROCESS 


When heat flows from high to low temperature or a gas expands 
in vacuum, it is observed that these processes occur spontaneously 
and are thermodynamically irreversible. All natural processes are 
more or less irreversible. The driving force that causes reactions 
to proceed spontaneously is the lack of balance in these processes. 
We can define irreversible processes as those which have a natural 
tendency to occur, These processes are spontaneous. ; 

In order to calculate entropy change for any irreversible process, 
advantage is.taken of the fact that the entropy change of the system 
depends only on the initial and final states and not on the path of 
the reaction. 

Consider an isothermal and irreversible expansion of the substance 
from volume V, to V2. During 
this process, let g be the amount 
of heat absorbed by the sub- 
stance. The work done by the 
substance (JW) during its irrever- 
sible expansion is less than that 
done in a reversible compres- 
sion (Wie). The heat absorbed 
q will also be less than heat 
absorbed (qj for a reversible 
expansion. Since the heat change 
in a process depends on the path 
adopted, the heat taken up 
irreversibly can have any value 
between q—0 and q=q,, i.e., the gen 
maximum value is that for a ^ yig 8,4. Entropy change for a cycle 
reversible process. But AS, being containiog an irreversible step. 


Pressure 
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a function of state, will have only one value for a change between 
the same initial and final states irrespective of how the process is 
carried out. Thus, we have 


ASier, Vi 9 Vosystem) =ASrev, Vi-V2(system) = * ga 


However, the loss of heat q from the surroundings is considered 
to have taken place reversibly and so the entropy change of the 
surroundings is 


—14 
ASsurroundings = T 7 


Therefore, the total entropy change for the isothermal irrever- 
sible expansion of the substance is 


A S(expansion)= A S(system) + A S(surrounding:) 


Sa Eola 
T T <0 (since q,2q) o... (8.204) 


Hence, an irreversible process occurring isothermally in an isolated 
system leads to an increase in the total entropy of the system. 

In order to complete the cycle, tbe substance is returned to its 

original state by compressing it reversibly and isothermally from 

- Va to Vi. In order to accomplish this, work is done on the substance 

and the amount of heat, qr, produced is returned to the surround- 

ings. The net result is that the change in entropy of the working 


‘substance will be equal to St and the entropy change of the 
surroundings will be T Therefore, tota] change of entropy dur- 
ing reversible, isothermal compression is given by 

ASeompression) =E 15 T F . » « (8.205) 


which is the usual result for a reversible process in an insolated 
system. 

Thetotalentropy change for the irreversible cycle will be the 
sum of equations (8.207) and (8.205) i.e., 


q 
A Sbil =F $20 s |o 21) 
Thus, in any irreversible cyclic process, there is an increase in the 
entropy. E B 


The increase in entropy for any irreversible cyclic process is due 
to conversion of' work into heat. At the end of the cycle, since the 
working substance has returned to its original state, it suffers no 
change of any kind. However, the surroundings lost heat equal to q 
in the irreversible expansion but gained heat equal to q, in the 
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reversible compression. The net heat gained by the reservoir is 


thus (q,—4) and hence its entropy gain is ( £-£) a quántity 
greater than zero. At the same time, the work performed by the 
working substance in the irreversible expansion is W while that 
performed on the working substance in Wm. Thus the net work in 
cycle is(W—Wm) which is less than zero since W,>W. A negative 
value of the net work indicates that this work was done on the 
working substance and this resulted in the liberation of heat which 
was taken up by the surroundings; thus causing an entropy increase 
in the surroundings. 

The statements of equations (8.20) and (8.21) are also valid for 
non-isothermal processes. f 


8.7. ENTROPY AND THE SECOND LAW (MOLECULAR 
INTERPRETATION OF ENTROPY) 


From our previous discussion, it has been concluded that for any 
reversible process, AS=0 and for any irreversible process, AS>0. 

Since all natural processes are spontaneous and irreversible, they 
must. occur with an increase of entropy and therefore, the sum total 
of the entropy in the universe is continually increasing. 

This conclusion permits a statement of the 2nd law of thermo- 
dynamics in its most general form, namely 

“The entropy of the universe always increases and tends toward a 
maximum.” 

On the other hand, the first law of thermodynamics states that the 
energy of the universe is constant. Thus the two laws of thermody- 
namics are often stated as: 

First Law: The energy of the universe is constant. i 

Second Law: The entropy of the universe is continually increasing 
and tends to a maximum. 

Entropy may be looked upon as an index of condition or 
character rather than as a measure of the content of some imaginary 
fluid. It is an index of the capacity for a spontaneous change and 
may be defined as an index of exhaustion. For example, more the 
system has lost its capacity for the spontaneous change, the more 
this capacity has been exhausted and greater is the entropy. 
Entropy is a measure of disorder or randomness of a system. 

This can be easily proved by considering any spontaneous process 
e.g., diffusion of one gas into another, heating a piece of copper 
metal etc. In all such cases, it is observed that disorder of final 
state is greater than the disorder of the initial state and the entropy 
change for the process is positive. 

It has been found that sometimes there isa local fall in entropy in 
an open system. Photosynthesis provides an interesting example of 
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a local fall in entropy. Before the reaction starts, both the reactants 


have high entropy. Carbon dioxide molecules move at random in: 


the air; water molecules are mixed in the ground. After the 
reaction has occurred, the products are large molecules possessing a 
high degree of order. Thus there is a fall in entropy. However, this 
fall in entropy is compensated by changes in the sun which provides 
light energy and by other changes in the surroundings. 

It is now possible to explain on a molecular level that why heat 
energy cannot be completely converted to other energy forms. From 
kinetic theory of gases, we know that heat energy is associated with 
the average kinetic energy of the randomly moving gas molecules. 
When the temperature is increased, average kinetic energy of the 
molecules also increases. It can be seen from Fig. 8.5 (a) that in 
order to convert the heat energy, i.e., the kinetic energy of the mole- 
cules completely into mechanical energy, all the molecules must 
strike the piston perpendicularly. But, it does not happen so. Since 
the molecules are distributed in a random manner, they will strike 
the piston at all angles, as shown in Fig. 8.5(b). This results in less 
Work being obtained than in the extremely rare case in which all 
the molecules are directed perpendicularly against the piston. Thus 
it can be concluded that all the heat energy cannot be completely 
converted into useful work. The heat energy which is not available 
to do the useful work at a constant temperature is directly related to 
the randomness or entropy of the system and is given by q— 74S. 


Fig. 8.5. (a^ Complete conversion and (5) incomplete 
conversion of heat energy into mechanical energy. 


8.8. DEPENDENCE OF ENTROPY ON VARIABLES OF A 
SYSTEM 


Since the entropy, like energy, is a function of the state of a system, 
its value for any pure substance will be determined by any two of 
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the three variables P, V and T. The variation of entropy with any 
of the three variables is given below: 


(i) Entropy as a function of temperature and volume, If the 
entropy of a substance is a function of T and V, we have S=f(T, V) 
and its differential is written as 


ds— (= )ar+(2 7) dv +6. (8.22) 


Again, from the first law, for a sae Ee process, we have 
dE—qrey —Wrey 
Qrev=TdS and Wrey=PdV 
dE- TdS — Pay 2... (8.23) 
Further, since E—f(T, V) 
Therefore, its total differential is written as 


Uf 9E } N 
dE ( 2), aT+ (3 ar av Ls. (8.24) 
Substituting dE from equation (8.23) into equation (8.24), we get 


3E 2E 
Tds: rav=( aT )ar+ ( WV \ ar 


Ll (E) qr APY OE 
ss d5— (35 ) ar^ ral e Y F p. , (8:25) 


Since both the equations (8.22) and (8.25) express the change of 
entropy in terms of changes in T' and V, they are identical, On 
comparing these two equations, we get 


(Flas +( i5), . . . (8.262) 


=o í . 2s. (8.266) 


and (3) - IG +? | 1 (832). 


Since & is always positive, equation (8.26b) predicts that at 


constant volume, the entropy increases with increase in temperature.. 
Again, rearranging equations (8.26a) and (8.27), we get 


( a -r($), 3 EN 


aE) (29) _ 
and (Gen e). P ... (8:29) 


Differentiating equation (8.28) with respect to V at constant T 
and equation (8.29) with respect to T at constant volume, we get 
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QE (eS ) 
T.V -— GE ... (8.30) 
gnats 3 es (=) -( zx 

ape Tay =r( yt clap > yh) 


Since the order of differential is immaterial, equations (8.30) and 
(8.31) can be compared which yields, 


(5 )=( un 22.832). 


Substituting equations (8.265) and (8.32) in equation (8.22), 
we get ? 


eG ges (ab 
ds C ar (= ),av 1. (8.33) 
(ii) Entropy as a function of temperature and pressure. If 


the efitropy of a substance is considered as a function of T and 
P, we have S—f (T, P) and its total differential is written as: 


NS 3) 
as-( = Hs ar ( a) ap 11 (834) 
Complete differential of the equation, H=E-+-PV, yields 
dH —-dE-- PdV--VdP 5 Se hse) 
But, since from equation (8.23), dE-+-PdV=TdS, we have 
dH=TdS+ Pav .. 148.36) 
Further, H—f (T, P) and its differential is given by 
eH oH 
dH= ( a Jk dT+ (2 ). dP ... (8.37) 
Eliminating dH between equations (8.36) and (8.37), we have 
S aH ge eorr | 
ds= +( ay i aT+ zl 2. =r] dP ... (8.38) 


Since equations (8.34) and (8.38) are identical, they can be com- 
pared.and hence we get 


( iy =+(4 ), : . (8.392) 
sg o (8.39) 
s eue (3), -r] ... (8.40) 


3 Gp sties ae 
Since EIS is always positive for any substance, it follows from 


equation 8.39(b) that at constant pressure, the entropy increases with 
temperature. 
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Again, rearranging equations (8.39a) and (8.40), we obtain 


( a) a 3. i ... (8.41) 
and (27), =r( $2). n^ .. . (8.42) 


Differentiating equation (8.41) with respect to P at constant T and 
equation (8.42) with respect to T at constant P, we get 


QH za PEAY ) P 
0T.oP mA (zs pore Qu) 
eH (as asi Ten egy 

dot oT.9P =7( aT oP Gr). +( ar b T écho) 


Since the order of differential is immaterial, equations (8.43) 
and (8.44) can be compared and we get : 


Lan en 
j ( aP i PT are ey if SED 
Inserting equations (8.395) and (8.45) in equation (8.34), we get 
-9 Cs ; 
ds- Car ( e). dP ve (8.46) 


Equations (8.33) and (8.46) are perfectly general and are equally 
applicable to pure solids, liquids or gases. 


8.9, ENTROPY CHANGES FOR AN IDEAL GAS 


For a reversible process consisting of an ideal gas and involving only 
the pressure-volume work, we have from the first law, 


< Qrev=dE+ Pav ... (8.47) 
Again for 1 mole of an ideal gas, P is equal to AE and dE—CydT. 


Therefore, equation (8.47) takes the form, 
dV 


Grev= CdT-RT -7 ; ... (8.48) 
Dividing equation Er ve throughout by T, we have 
te £ 
T AER 
But ndr à 


Therefore dS=C, A+R Ls oe (8.49) 
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: This equation gives the total change in entropy for 1 mole of an 


ideal gas in a reversible process involving both a temperature and | 


a volume change respectively. 
On integration between the limits 71, Vi and 72, V2 (Initial and 
final temperature and volume respectively), we get 
y T, Y, 


AS$—58,—8,—C, [Z +R \—— 


scu B d 
—Oyln nn +R In Y: . . . (8.50) 


In carrying out the first integration on the right hand side, it is 
assumed that C, is constant over the temperature interval in the 
equation. If, however, C, is not constant, then it has to be substituted 
as a function of T and the expression integrated between the limits. 
Tı and T». i 

Again, for an ideal gas, PıVı==RTı for the initial state and 
P2V2=RT? for the final state. Therefore, 


LU 2 
Vy PY 
Substituting this in equation (8.50), we get 
AS-—85—8| 
ze, ing +R In r n 11: (851) 
Further, for 1 mole of an ideal gas ; 
C, —Cy—R or 
Gy CER 
and AS—5,—5,—C, In 22 —R In-P. (8.52) 
Ti Pi SEE (BS 


We have some cases of particular interest. 


Case I, For an isothermal process, since there is no change in 
temperature i.e., Ty is equal to Tz, equations (8.50) and (8.51), there- 
fore, take the form 


c V. 
(AS)r=R In -> ==—R In ps ... (8.53) 


If V; V1, (AS)r will be positive from equation (8.53). 


Case II, Fora process taking place at constant pressure i.e., P, 
and P» are equal, equation (8.52) takes the form 


T 3 
(AS)p=Cp In F -.. (8.54) 


This process is also known as isobaric process. 
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Case III, For a process occurring at constant volume, equation 
(8.50) gives us: 


(AS) C, Ih F e (8.55) 


Such a process is known as isochoric process. 

Problem 8.3. 100 g of ice at 0°C is dropped into an insulated beaker contain- 
ing 150 g of water at 100°C. Calculate AS for the process that occurs. Given 
that the heat of fusion of ice to be 80 cal/g, and the heat capacities of water and 
ice to be 1.0 and 0.5 cal/deg respectively. 

3 Solution. The overall process can be written as the sum of the following 
three: 


I. 100 g (ice, 0°C)=100 g (water, 0°C), 
q,—100x80 
=8000 cals. 
II. 100 g (water, 0°C)=100 g (water, £?C), 
497 100x t 


TII. 150 g (water, 0°C)=150 g (water, t°C), 
4s7 —150 (100—r) 
Since tta] 79. 


4t da d570 
8000+100 1 —150 (100—1)=0 
or 8000+ 250 t —15000—0 
L 250 t=7,000 
t=28°C 
301 K. 
The corresponding entropy changes are 


AS\= m 729.3 e.u. 


AS, Cy In 7 
=100%2.303 log: (35)-97 eau, 
and | AS,7 Cy In ^ 


301 
=150%2,303 log (33) 
==32.1, 


The overall AS is then 
29.34-9.7— 32.1— 6.9 cal deg. 

Problem 8.4.: A sample of hydrogen is confined to a cylinder fitted with a 
piston of 5 cm* cross-section. It occupies 500 cm* and at room temperature it 
exerts a pressure of 2 atm. What is the change of entropy of the gas when the 
piston is drawn through 100 cm. - 

Solution. For an ideal gas n=PV/RT 

y ` n-(2atm)(5x107*m*)/(0.082 dm? atm K~? mol73)(298 K) 
=0.041 mol 

At constant temperature, change of intropy AS is given 


= Va 
AS=nR In A 
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—(0.041)(8.31 JK mol?) In 


—(0.34 IK™) In 2 
20.24 JK?. 


1000 cm? ) 
500 cm? 


8.10. ENTROPY OF MIXING FOR IDEAL GASES 


When two or more gases are mixed together, there is an increase in 
entropy. It is possible to calculate entropy of mixing of gases, pro- 
‘vided the gases are ideal. 

Suppose nı moles of one gas at an initial pressure P? are mixed 
with m2 moles of another gas at pressure P2° under a constant tem- 
perature T. Let P; and P3 be the partial pressures of the two gases 
in the mixture and P; be the total pressure of the mixture, such that 
P:=P;+P2. 

By using equation (8.53), the entropies of the two gases in the 
mixture are given by 


` 


Pi 
AS: ni Rin Pe 


Pj? 
=m RI; . (8.56 

n Kin Pi (8.562) 

and AS2=--mR In zs 

Y 2 

Pic 

—njR In P; .. . (8.56b) 

The total entropy of mixing is, then, 
ASm=ASi+ A Sim Di Dx +m Rin ŽE 1. (8.57) 

2 


But according to Dalton's Law of partial pressure, P,—X;P, and 
P2=X2P; where X and X» are the mole fractions of the two gases. 
Substituting these identities in equation (8.57), we have 


P? PP 
ASm=n R In Xi); +R In TP, . . (8.58) 
If Pj —Py —P,, equation (8.58) becomes 
ANS, —(nR In Xi4-njR In X) ++ + (8.59) 


Since X; and X, are less than unity, A Sm is always positive. 
Hence the process of mixing is always accompanied by an increase in 
entropy. 


8.11. ENTROPY AND CHANGE OF STATE 


The entropy of a system is determined by the freedom possessed by 
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the molecules in the system. Solids have a low value for entropy 
since the molecules or atoms are tightly bound in an orderly fashion. 
The entropy increases when the solid melts to give liquid where the 
arrangement of atoms or molecules is less ordered, Similarly when 
a liquid is converted into vapor, the entropy will increase. Tablez8.2 
lists the values of boiling point, molar heat of vaporisation"and 
entropy change per mole for some of the liquids. 3] 


TABLE 8.2 
Liquid Boiling point Molar heat of Entropy change 
(K) vaporisation per mole 
(cal) j (e.u.) 
Water 373 y 9700 26 
Ethanol 351 9522 27 
Methanol 338 8512 25 
Ethyl bromide 311 5700 4 18 
Ethyl Iodide 345 2 7322 21 
Methyl Iodide 315 6532 21 
Acetic acid 391 5664 15 
Chloroform 334 6960 21 
n-hexane 308 6500 ` : 21 


It may be seen from this table that many liquids have a value of 
about 21 e.u. mole^! which means that the increase in molecular 
chaoson going from liquid to vapor is nearly the same for these 
liquids. However, the higher values for water, ethanol and methanol 
indicate that these liquids, due to the presence of hydrogen bonding 
in them, have a high degree or order. The large entropy change 
comes because first this order is destroyed before the liquid is 
vaporised. 


Onthe other hand, the entropy change upon melting of most 
solids lies in the range of 2 to 9 e.u. mole!. The larger increase in 
entropy of vaporisation indicates that the increase in disorder in 
going from a liquid to its vapors is larger than the change in goin 
from a solid to its liquid. : 


To put the above discussion on a mathematical basis, consider the 
changes in entropy for a process involving a change of. state such as 
fusion, vaporisation or sublimation. In each of these processes, 
the change in entropy is given by the heat required to accomplish 
the transition from one state to another divided by the absolute 
temperature at which the transition. takes place. The only condi- 
tion required is the existence of equilibrium between the two forms 
i.e., transformation is a reversible process. The corresponding 
equations for the change in entropy in fusion, vaporisation and 
sublimation are given on next page. 
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_ AH; AH, 
AS-—— > - AS = Th 
and AS inn 
sub 


where A.Hr, Ay, and AHsw are the heats of fusion, vaporisation 
and sublimation respectively, and Ty, Ty and Tsw are the fusion, 
boiling and sublimation temperatures, respectively. 

Since the entropy of vaporisation for most of the liquids at the 
normal boiling point is approximately equal to 21 e.u. per mole, this 
observation, called ‘Trouton’s Rule’ can be employed to estimate 
an approximate value of the heat of vaporisation of a liquid if its 
boiling point (T) is known. 

A Svap=21e.u. 
or AF vap=21 To : s 
Problem 8.4. The molecular heat of vaporisation of water is 9717 cals mole"! 


at 373.2 K. Determine the entropy change. 
Solution. The entropy change is given by 


LAH, 917 
AST = 3732 


=26,04 e.u. mole}, 
If any process is irreversible, the equality AS= 4 does not hold. 


However in calculation for such processes, the use in made of the 
fact that since AS is a state function, only the initial and final 
states are important. Therefore, any. irreversible process is carried 
out in a series of reversible steps in such a manner that the system 
reaches from the same initial stage to the final stage. The sum of 
the entropy changes for each of the reversible step will be the same 
as those for the entropy changes for the irreversible process. 

Suppose it is desired to determine the entropy change for any 
irreversible, spontaneous process. As an example, consider the 
irreversible phase transition in which one mole of supercooled 
water freezes at — 10°C and at one atm. pressure; 


H20(/, —10°C)---+H20 (S, —10°C) AS=? 

Since the given Process is not a reversible one, its entropy change 
cannot be calculated directly. Here too, to calculate the entropy 
change, it is necessary to consider a series of reversible steps lead- 
ingfrom the liquid water at —10°C to solid ice at —10^C. The 
various steps are: 

(i) Heating very slowly (reversibly) 1 mole of supercooled water 
from —10°C to 0°C keeping the pressure constant. y 
(ii) A ae conversion of a mole of water to a mole of ice at 


(iii) peting of a mole of ice very. slowly (reversibly) from 0°C to 
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Since each of these steps is reversible, the entropy changes cari be 
calculated by the methods discussed earlier and their sum will be 
equal to entropy change for the irreversible process indicated 
above. 


$8.12. ENTROPY CHANGE IN CHEMICAL REACTIONS 


‘Consider any chemical reaction represented by 
L+mM+ ...=xX+y¥+.... 
The entropy change for such a reaction is given by 
AS=(Sx+ySy+...)—(St-+mSu+ ...) . . . (8.60) 
where Sx, Sy, etc., are the entropies per mole of the various species, 
Entropy changes of chemical reactions are usually determined at 


constant temperature and pressure. The calculations are done as 
follows: 


Differentiating equation (8.60) with’ respect to T at constant "o 


we get 
[e DR) (FF) +] 
Or). mE). ] 
‘But, since (3. -£ (cf: equation 8.395) 


AAS) _ (xCoxtyCoyt- ...) —(mCpm+nCpn+ ..) 
Therefore, [ oT |. T I T 


2A. ... (8.61) 


where AC, is the difference between the Cp, of products and 
reactants. 


Integrating equation (8.61) between the limits T; and 72, we get 


AS, T, 
[aas = [59 ar 
AS, T, 
T ; 
or AS—AS,— [57 dT .. . (8.62) 
Ti 


Here, A\S2 is the entropy change at 72 and AS, is the entropy 
change at Tı. If AC» is constant, equation (8.62) becomes 


T 
AS1—AS;— ACpln T aa (8.63) 
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But, if /4C, is not constant, then C, has to be substituted. as a 
function of T and the expression integrated between the limits T; 
and 72. 


8.13. STATISTICAL APPROACH TO ENTROPY 


For a better appreciation of the concept of entropy it must be 


. realised that a substance can have entropy due to factors other than 


the location in space of its particles. In addition to such translational 
entropy, it has entropy due to the -distribution of-energy between 
the available electron energy levels of its particles. This contribution 
to the total entropy is known as system's internal entropy. Consider 
an assembly of.36 atoms as shown in Fig. 8.6. If 36 quanta of energy 
are to be distributed among these atoms, three of the many possible 
ways this can be done are shown: 


(i) One quantum is allotted to each atom; there is only one way 
this can be done, W=1. 


(ii) Allthe quanta can be given to one of the atoms, this can be 


done in 36 ways. 


(iii) This is the most probable distribution if the quanta are 


allocated at random; there a 


re 2X 108 ways this can be done. 


000000 000000 OGOOCOQO 
QOOOOO 000000 000000 
O00000. 000000 000000 
O00000 O00000 000000 
000000 000000 000000 
6000090 000000 Oo 090200 


Fig. 8.6. Some ways of distributing 36 quanta of energy among 36 atoms. 


Table 8:3 shows the contrib 
internal entropies to the tot 
atm. and 298 K. As e 
same values for trans 


xpected 


ution made by the translational and 
al entropy for selected substances at 1 
, similar substances have much the 
lational entropy and the internal entropy 
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increases sharply with molecular complexity because more electron 
energy levels are available. 


TABLE 8.3. 


Translational and internal entropies of some substances 


Entropy|J mol-* K-1 


Substance Translation Internal Total 
NO (g) 156 64 220 
NO, (g) 157 83 240 
N50, 164 141 305 


Boltzman proposed a logarithmic relationship between entropy and 
W, the ways the energy can be distributed (for internal entropy) or 
the ways the particles can be distributed in space (for translational 
entropy); the entropy per particle being 


S=k In w=} InW 


The Boltzmann constant, k is the gas constant per molecule. 


Imagine two indentical flasks connected together by a stopcock. 
One flask is evacuated and the other contains 1 mole of gas. Let the: 
total number of ways the translational energy can be distributed! 
initially be W. If the stopcock is opened the gas will diffuse into the 
vacuum. W increases because each molecule now has twice the 
original volume in which to find itself. SEEN 


The mole of gas consists of Z molecules each having this choice 
of compartments, so the new number of ways of distributions is 
2LW. The entropy change on expansion for each molecule can thus 
be calculated using Boltzmann's equation: 


$5—581—klIn2- W—k In W 
=k In2t 
Thus AS/J mol! K^!—R In 2 
£25.71 


8.14. DETERMINATION OF ENTROPIES OF SUBSTANCES 
(THE THIRD LAW OF THERMODYNAMICS) 


So far, the entropy difference but two states of a system could be . 
calculated. Also, a molecular interpretation to the entropy has been 
given. When a system goes from an ordered state to a disordered 
state, the entropy is increased. The converse is also true. A perfectly 
ordered crystal at the absolute zero of temperature would then 
have a zero entropy value since the atoms in a crystal are perfectly 
ordered and confined to one position only. This gives rise to 
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another universal empirical law, the third law- of Thermodynamics, 
which states: 

“The entropy of a pure Perfectly crystalline substance is zero at 
the absolute zero of temperature.” i 

This statement is applicable only to. pure crystalline solid sub- 
- stances because theoretical argument and experimenta] evidence 
have shown that the entropy of solutions and superccoled liquids 
is not zero at OK. For perfectly crystalline substances, the law has 
been verified repeatedly and at present, there is no doubt about the 
general validity of the third law. 

The third law finds considerable importance in the fact that it 
permits the calculation of absolute values of entropy of pure sub- 
Stances from thermal data alone. Let us briefly see how this is 
accomplished. 

Consider a process involving the transformation of a solid from 
the absolute zero of temperature to some temperature T below its 
melting point: 

Solid (OK, P)=Solid (T, P) 
“The entropy change for such a Process is given by 


S-ST ent 
P 
fas és [2 dT 
S=So -0 
| 5 
"or St—So = [& dT 
0 


where Sr is the entropy at temperature Tand So is the entropy at 
OK. Since by the third laws, So=0 at T=0K, one has 
T T 


Sr= [Fara |o aer : vs (8.64) 


0 0 


The integral in equation (8.64) is Positive since the entropy can 
only increase with temperature. Sr, known as the absolute entropy 
of a substance or the third law entropy. is thus always a positive 
quantity and can be determined by integration of this equation if 
Cp of the solid is known from T=0 to the desired: temperature. 

Evaluation of absolute entropies. In order to determine the 
absolute entropy value of some chemical substance at temperature 
T, it is essential to evaluate the integral in equation (8.64). This 
integral js evaluated by determining the area under the curve bet- 


‘ween T=20 and any temperature T. for the graph of £e ‘versus T 


or for the graph of C; versus nT, This area is then the value of. the 
integral: and hence of Sy. Since the heat capacity measurements 
cannot be made right down to the absolute Zero, heat capacities 
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are usually measured to as low temperature as possible e.g., 10 to 
15K and extrapolation is restored to from this range to T=0. 
Extrapolation is permissible because at such low temperature the 
heat capacity of solids follows the Debye **T—cubed" law accu- 
rately, namely 


E Cp=aT3 - ++ (8.65) 
where a is constant for each substance. 


(Actually C,=aT3, but, since at extremely low temperature, the 
differences of C, and C, are negligible, so C, values in the ex- 
trapolations of the curves can be used.) 


A graph of C, versus /,T for anhydrous sodium sulphate is 
shown in Fig. 8./. The area under the curve between T=14K and 
T=298.2K is 15.488, while the area between T—0 to T=14K is 
0.026. The total area under the curve when multiplied by 2.303 


yields absolute entropy per mole of sodium sulphate at 298.2K of 
35.73 e.u. i 


s dg DETENER 
24 | 
18 


mole t 


deg-: 


12 


Cp Ca 
o 


1:040:4:5 20 25 3.0 
logyo7 
Fig. 8.7. Plot of Cp versus logi. 


Third law can also be utilised to determine absolute entropies of 
substances that are liquid or gaseous at ordinary temperatures. 
This is possible because we know that the total absolute entropy 
of a substance in a particular state at a given temperature is: the 
sum of all the entropy changes the substance has to undergo in 
order to reach the particular state from the crystalline solid at OK. 
Thus, to obtain the entropy of a gas above the boiling point of the 
substance, we should include (a) the entropy change of heating the 
crystalline solid from T=0 to 7— T;. the fusion point, (b) the entropy 
change on fusion, (c) the entropy change due to heating the liquid 
from the fusion temperature to boiling temperature T, , (d) the 
entropy change due to vaporisation and (e). the entropy change due 
to heating of the gas from T; to the desired temperature 7. Equation 
(8.64) then becomes 
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Tr 
Sr= | Cys din T+ Ap 
[^] 


To Z 
^H +| Gy, amr SEE o amr 
Ty Tb 


<. (8.66) 


If a substance is solid at temperature T, only the first integral is 
applicable with 7,—7'; when it is liquid, the first three terms are 
utilised with 7,— 7. When it is gaseous, the full equation is used. 
If the substance undergoes any transition between one crystalline 
modification, and anotherthe entropy of transition at the equili- 
brium temperature must also be included in equation (8.66). 


Absolute entropies may be used to calcülate the entropy changes 
accompanying chemical reactions, The standard entropy change 
for a general chemical reaction is 


AS’ 3/85" (rotas = De Siesctants) .. « (8.67) 


where 7 is the number of moles of component i in a balanced 
equation and S?;is the standard molar entropy for component i. 
Thus in order to determine the entropy change required for the 
reaction at 25°C, 


Sis, rhombi) + $02) — SOs(g) 
‘we have 


AS" (reaction) =5"($0,, g) —[5°(s, rhombic) 35 (o, gj] 
Since the molar entropies of SO3x(g), S(chombic, s) and Ox) 


are 61.24, 7.62 and 49.0 repectively, we get on substituting these 
values 


ANS" reaction) = 61.24—[7.62+8(—49. 0)] 
=—19.9 e.u. 


The Third Law of Thermodynamics lacks the generality of the 
other laws since it applies only to a special class of substances ie., 
pure, perfectly crystalline substances and not to all substances. Some 
substances, which are pure from the chemical standpoint, do not 
fulfil the requirement that the crystal be perfectly ordered at the 
absolute zero of temperature; they possess residual entropy. During 
recent years, remarkable progress has been made in the calculation 
of entropy and other thermodynamic properties from the methods 
based on quantum theory of energy and statistical mechanics, This 
branch of science is known as Statistical Thermodynamics. 


` PROBLEMS 


1, Show that all reversible engines operating between the same two tempe- 
ratures hàve the same efficiency. 


What per cent T, is of T, for a 10 per cent efficiency of an heat engine? 
Ans. T,=90% of T, 
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2. 1 gm of ice at 0°C is added to 10g of H,O at the boiling point. What 
will be the final temperature and the entropy changes accompanying the 
process? Assume that the heat of fusion of water is 80 cal/g and specific heat 
i51 cal/g deg. Ans, t=83.6°C, AS=0.11 e.u. 

3. Efficiency of an irreversible engine is less than that of a reversible one. 
Explain this statement. 

4. Clausius statement of the Second Law of Thermodynamics reads as 
follows: 

“Tt is impossible for an engine operating in a cycle to have as its only 
effect the transfer of a quantity of heat from a reservoir at low temperature 
to a reservoir at a higher temperature." Explain this statement. 

5. Establish the following relationships: 5 


(a) ds= Ct. aT-V a dP [Hint S= f (T, P) 
(b) dse S. dT+-% dV. [Hint S= f(T, V) 


6. Calculate AS, AH and AE for the process: 
1 mole H,O (liq, 20°C, 1 atm)+1 mole H,O (gas, 250°C, 1 atm) given the 
following data: 
"Cp (liq)=18.0 cal deg? mole? 
- Cp (gas) =8.6 cal deg? mole-? 
A Hiyap of H,O at 100°C and 1 atm=9.720 kcal/mole ~ 


Ans. AS=33.28 cal deg^! moles? 
AH212450 kcal/mole-* 
AE=11.410 kcal/mole 


7. Calculate the entropy change for the evaporation of water at 600 mm Hg 
pressure from the following data: 


Latent heat of vaporisation of water at 100°C =540 cal g^, 
Cr (50—100°C) for H,Ou)— 1.003 cal deg?! g7! 
for HyO(g)=0.488 cal deg! g7* 


Normal boiling point of H,0—100*C 
Ans. 26.7 cal deg mole-* 


_ 8. What is the difference in entropy between 1 mole of Nz at standard con- 
ditions and 1 mole of N; at 200°C when the molar volume is 50 litres ? 


Assume that c- (1) R and N, behaves ideally. 
Ans. $0.08 e.u. 


9, Using the relation: 
Show that 
(@) (ag ), "terr 
(b) ( A )- Co|TVa 
T V 
o -(z)(3s), =x -erco 
WOR 


10. For an adiabatic process, q—0 (by definition) and, therefore TT 


Why,then,is there an entropy increase (AS>0) in an adiabatic expansion 
into a vacuum. 
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11. A quantity of an ideal gas in an isolated system is expanded isother- 
mally and reversibly at 400 K froma volume V, to Vs. Duri-g the expansion, 
the gas absorbs 200 cals of heat from the reservoir in contact with it. Find 
(a) the entropy change of the gas, (b) the entropy change of the reservoir, and 
(c) the entropy change of the whole system. 

Ans. (a) 0.50 e.u. (5)—0.50 e.u. (c) Zero 


12. What is meant by Third Law Entropy. Statethe Third Law of Thermo- 
dynamics. 


13. It is known that crystalline hydrogen has a residual entropy of 1.49 e.u. 
at the absolute zero of temperature. Can we say that this is in contradiction 
with the third law of thermodynamics ?-Elaborate. 


14. For a van der Waals gas show that: 


© (3) 

OF Rm mem 

© Gr). 

e (+e y UNITE id 

e (35. ht V eT 
(z)e-( SF) 


15. Comment on the following statements: 
(a) Entropy of the universe is increasing. 
(5) Death is natural and life abnormality. 
(c) Entropy change at equilibrium is zero. 
(d) OK cannot be reached experimentally. 


Chapter 9 


FREE ENERGY FUNCTIONS 


9.1. CRITERION OF EQUILIBRIUM 


The second law of thermodynamics gives the condition of maximum 
entropy to define the position of equilibrium in systems at constant 
energy. This is a useful criterian for spontaneous chemical reactions. 


Consider a system in contact with a reservoir at temperature T in 
which an infinitesimal irreversible process occurs and the only work 
done is the pressure-volume work. If q is the quantity of heat 
exchanged with the reservoir, then, since the process is irreversible, 


the entropy change ds for the system is greater than F i.e., 
q 
dS T Egan be) 
or j TdS>q 


Since TdS is greater than q, (q— TdS) is negative, i.e., less than 
Zero i 


q—TdS«0 49:2) — - 
Since the only work is the pressure-volume work, i 
q=dE+pdvV 
and equation (9.2) becomes 
dE+pdV—TdS<0 ~.. (9.3) 


This inequality is always applicable if a spontaneous change 
occurs and the only work involved is the pressure-volume work. 
If the volume and entropy of the system are held constant,’ then 
equation (9.3) reduces to 


(dE)v, s<0 .. . (9.4) 


Thus, for any irreversible process in a system of constant volume 
that does not change its entropy, the internal energy decreases. In 
other words, for a conservative mechanical system, the stable state 
is the one of lowest energy. A more careful statement of the role of 
the internal energy on position of equilibrium is that in systems of 
constant entropy, the equilibrium position is in the direction of 
lowest energy. A 


The volume and the internal energy of a system may be kept 
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constant by isolating the system. For such a system, equation (9.3) 
becomes: Mes 

(—T4S)z, y «0 e 
which when multiplied by —1 and divided by T gives 

(dS)v, g20 e (9.5) 
and so the entropy must increase in such an irreversible process. 
It can also be put in words that in systems of constant energy and 
constant volume, such as isolated systems, the equilibrium position 
is in the direction of highest entropy. 

For the system which is not isolated, there are entropy changes in 
the adjacent systems which must also be considered. If the volume 
is constant during the infinitesimal irreversible process, equation 
(9.3) becomes: 


(dE—TdS)v <0 v. (956) 
which can also be written as 
d(E—TS)r, v<0 sire (9:7) 


The quantity (E—TS) is referred to as the Helmholtz free energy 
and is rep:esented by A, 


A=E—TS i 271(9:8) 
Differentiating this equation at constant temperature 
dA=dE--TdS +. . (9.9) 
and for a spontaneous process, equation (9.6) then becomes 
(dA)r, v0 ? . . . (9.10) 


In other words, in an irreversible process at constant T and V, the 
Helmholtz free energy A decreases. 

For a system at constant T and V, the PV work term will be zero, 
The system does no other work, therefore, 


, dA=0 wen ell) 
Hence the condition of equilibrium for a system that can do no 
work is 
` dA=0. 


To a chemist, the physical processes or chemical reactions which 
are of interest are usually carried out in the laboratory at constant 
temperature and pressure. For such processes, equation (9.3) can be 


written as: 
d(E+PV—TS)r, p» «0 mn (9530) 
The quantity (E+ PV— T) is referred to as the Gibb’s Sree energy 
and is represented by the symbol G, i.e., 


G=E+PV—TS ae P| 

or i G=H-TS — (v H=E+PV) : 
For infinitesimal change under isothermal conditions, (i.e., dT=0) 
dG=dH—TdS (.° SdT=0) 3 31(9213) 


This is an important relationship and can be put into words: 


For a change at constant pressure and constant temperature and 
where only mechanical work is done, the free energy is equal to the 


FREE ENERGY FUNCTIONS ‘ 201- 


enthalpy change minus the product of the absolute temperature and 
the entropy change. 
Equation (9.3a) can be written as 
(dG)r, p<0 «+» (9.14) 
Thus in an irreversible process at constant 7 and P in which 
only pressure volume work is done, the Gibb's free energy decrea- 
Ses. Since both G and A are defined by an explicit equation in 
terms of variables which depend only upon the state of a system, 
both these are thermodynamic properties and their differentials are 
complete differential. Mathematically for a. reversible cyclic process, 


we may write, 
$ dG=0 sc) 
$ dA=0 wes (9.16) 


Table 9.1 summarises the conditions for reversibility and irre- 
versibility for processes involving only pressure-volume work. 


TABLE 9.1 


Criteria for irreversibility and reversibility for processes involving 
only pressure-volume work 


For irreversible processes For reversible process 
(dsv, E > 0 (dS)y, c0 
(dE)y, s< 0 (dE)y, s=0 
(dA)r, y< 0 (dA)r, v 0 
(dG)r, p< 0 (dG)r, p=0 


These relations may be applied to finite changes as well as to 
infinitesimal changes by replacing the d's by A's. It must however 
be remembered that spontaneous changes always go to the minimum 
(as in the case of Gibb’s free energy at constant 7 and P) or to the 
maximum (as in the case of the 
entropy of an isolated system) and 
not to some other conditions even 
though the change to some other 
conditions satisfies the required t P, 
inequality. 

In this discussion, we have res- G 
tricted ourselves only to those 
systems which involve pressure- 
volume work. If electrical work is 
done by the system, or if the tem- 
perature changes, the criteria for 
equilibrium will be altered. If a 
System is at constant ped P and 
does no additional work, the condi- : c ANDES 

a! ae Se a z z Fig. 9.1. Pos ui 

tion of equlibrium is dG=0. Gwill items or ies free cnn e 
be at minimum when the system iS a system at constant temperature 
at equilibrium as can be seen from and pressure. 

Fig. 9.1. 


Position of equilibrium 


Equilibrium ——- 
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9.2. PROPERTIES OF HELMHOLTZ FREE ENERGY (A) 


This function is defined as 
A=E—TS 
In order to understand the physical significance of A, consider the 
change in A when the system passes from state 1 to state 2, i.e., 
AA-—42—41 ; 
=(E,—T2 S.) —(E1— T1 51) 
= AE—(T2 S2—T; S1) 
Under isothermal conditions, 7;— 71— T, so that 
AA=AE-TAS e (9.17) 
Further, by definition of entropy, AS-— 


or qr=TdS, so that we have 
AA-—AE—q, ... (9.18) 
But, since from first law of thermodynamics, for a reversible 
isothermal process, AE—q,— —W,, we have 
AA-— —W, ... (9.19) 
Henceat constant temperature, the maximum work obtainable 
from a system is at the expense of a decrease in the Helmholtz free 
energy of the system. This is why A is sometimes called the ‘work 
function” or the maximum work content of a system. 
Further, if we completely differentiate the equation A=E—TS, 
we get 


dA=dE—TdS—SdT <. 2 (9.20) 
But TdS=q, and g,=dE+PdV, so that equation (9.20) 
becomes : 
dA-—dE—SdT—dE-— PdV 
=—SdT—Pdv 18 7(921y 
At constant volume, dV=0 and 
24 Y. | 
(24), ais 20932) 
At constant temperature, dT=0 and 
ðA 
(5), =P ... (923) 


Another equation which shows the variation of A with T can be 
obtained as given below; Differentiating the quantity 4 with res- 
pect to T at constant V, we get | : 

A 0A 
p- at(%) s 
v 


oT T? 


—————ÁÀ a 


FREE ENERGY FUNCIIONS : fs 203 


—(A+TS) 
ix 
But TT A TS: 
A 
Therefore, (F) -—R 21. (9.24) 
ar |, 


Isothermal change in work function, For an isothermal 
change, dT=0, and hence equation (9.21) yields 
dA=—PdV 
RT 


For one mole of a perfect gas, P may be replaced by Wo e 
that i 
dA——RT 9E. Oks, AR aay 


For an appreciable process, the increase A\A in the work function 
can be obtained by integration of equation (9.25) between the limits 
of the initial state 1 and final state 2; thus 


[x aur 
| d4--| Rr 5. 
ya y, 


V. 
A,—A\=RT In T 


; EE 5 
or AA=RT In Vs a+ (9.26) 


9.3. PROPERTIES OF GIBBS FREE ENERGY (G) 


This function is defined by g 
G=E—TS+PV 2 (9.27) 
This definition may be written in two alternative but equivalent 


forms which are frequently employed. First, since H is equivalent 
to E+ PV, hence 


G=H—TS «+ (9,28) 
Second, since A=E—TS, it follows that’ 
G=A+PV rake (9:28) 
For a process taking place at constant pressure, the change in free 
energy is given by 
AG=AA+PAV wos (9.30) 


If, in addition, the temperature in constant, AA=—W, as seen 
from equation (9.19), so that equation (9.30) becomes 
AG=—Wm—P AV) ++ (9.31) 
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The quantity Wm represents maximum work obtainable in the 
given change and includes all types of work such as electrical or 
surface work, in addition to work of expansion. The latter is equal 
to PAV and so W,,—PdV represents the reversible work, exclusive 
of work of expansion, that can be obtained from a given change in 
state. The quantity W,,—PdV is referred to as network. 

Thus — AG-network 

The decrease in free energy at constant T and P is equal to the 
maximum network available for the given change in state which the 
process accompanies, 

Again, from complete differential of equation (9.28) we get 
| dG=dH—TdS—SdT 24/7 (9:32) 

But H=E-+- PV, which on differentiation becomes 
dH=dE+-PdV+-VdP, Also TdS=dE-+ Pav. 

Making use of these identities into equation (9.32), 

We get 

dG=dE+ PdV+VdP—dE—PdV—SdT 


=—SdT+VdP Aa EE} 
At constant pressure, dP—0 and 
E) _ 
(3 ). SES 2. (9.34) 
At constant temperature, dT—0 and 
9G DO 
(i j: =v 1. (9.35) 


An alternate equation which shows the variation of G with T is 
obtained by differentiating the quantity G/T with respect to T at 
constant P, namely, 


|) = (3), 6 


or FA 
_ (G+TS) 
` T2 
But . G--TS—H. 
G 
Therefore, 9 (2) -— ++» (9.36) 
oT |p 


Isothermal changes in free energy function. At constant 
temperature, dT=0 and equation (9.33) becomes: 


dG=VdP 9,37) 
For 1 mole of a perfect gas, PV=RT 
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ut j 
Substituting this into equation (9.37), we get 
dG- AT ap ... (9.38) 
Integrating between limits, equation (9.38) takes the form: 
n {ap 
[ac=Rr Í Ls «+. (9.39) 
G, P. 
E GI RT In E `. (9.40 
Dh e P, + «+ (9.40) 
or AG=RT In Pa 
= Pi oe (9,41) 


Generally, the free energy of a gas is related to the standard free 
energy G^. This is defined as the free energy of one mole of the gas 
at one atmosphere pressure, Equation (9.41) then becomes 

G—G°=RT In + =RT In P 
or G=G°+RT In P «+. (9.42) 


9.4, THE GIBBS-HELMHOLTZ EQUATION 


Since G=H—TS 1 
Substituting the value of S from equation (9.34), we get 
eG 
e-a«r( 2 ). + (9.43) 


Similarly, substituting the value of S from equation (9,22) into 
equation A=E—TS, we get - f 


0A i 
A=E+T (#4), «+» (9,44) 


These two equations are usually regarded as different forms of 
the Gibbs-Helmholtz equation. There are also other forms of the 
Gibbs-Helmholtz equation which are most widely used. They are 
deduced as shown below: 


For a given reaction of the type, 


Reactants —— Products 
AG=G,—G, 


where Gp is the sum total of the free energies of all the products 
and G, is the sum total of the free energies of all the reactants. 
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From equation (9.28), we have 
G,—H,—TS,and G,=H,—-TS,, so that by substitution 
AG-—(H,—TS,)—(H,—TS,) 
—(H,— )-T (Sp—S;) 
or AG=AH=TAS : i a a (9.45) 


where AS and AH are respectively the entropy and enthalpy 
change of the given isothermal reaction. Further, from equation 
9.34) 


—AS--(S,— =( a) -( aGr ), 


oT oT 
TAGG) ] 2 XAG) 9.46 
oR i OT |p oT Je pe 09 
Substituting this result into equation (9.45), we get 
i b aao 9.4 
AG Antr) aT |» +. . (9.47) 


. Similarly, we can deduce the analogous expression 
= 28 (A4) ] 
AA=AE+ 7| aT | . «+ (9.48) 


Equations (9.47) and (9.48) are alternate forms of the Gibbs- 
Helmholtz equation. These equations find numerous practical 
applications. 

Still another form of the Gibbs-Helmholtz equation is obtained 

AG 


by differentiating -y With respect to T at constant P as given 
. below: : 
AG [450 ji 
e( 4 Tier PaO «e e (9.49) 
oT P T? 


But according to equation (9.47), 
PAET —ac- 
s t[ ZAE] Ae An 


Therefore, equation (9.49) becomes 


(AG) 
T — AG— AH-AG 
oT P T+ 


H 
-—ML 22. (9.50) 
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Problem 9.1. One mole ofa perfect gas at 27°C expands isothermally and 
reversibly from 10 atm to 1 atm againsta pressure that is gradually reduced. 
Calena q and W and each of the thermcdynamic quantities, AE, AG, AH, 
AA and AS. 


Solution. Since the process is carried out isothermally and reversibly from 
40 atm to 1 atm against a pressure that is gradually reduced. 


Wwax- —RT In Ve 5—2,303 RT log V 
Vu V, 


=—2.303 RT log A 
2 


=—(2,303X 8.314 JK mol-tx 300.1 K) log 10/1 
=—5746J mol^1, 
AA=Winax=—5746 J mols? 
Since the internal energy of a perfect gas is not affected by a change in volume, 
AE=0. 
4= AE—W=0+5746=5746 J moli 
AH- AE+ A(PV)=0+0=0 
Since PV is constant for a perfect gas at constant temperature 
1 : 


1 1 
AG=|vap=RT n Jo =2:303 RT log yy d 


1o 
= =2,303 (8.314 IK- mol-1) (300.1 K) 
2.5746 3 moli 

AS- e = Se nor e1915 JK- mol-! 
_ AH-AG _ 0—(—5746 Jmol) 

AS= -p 00. K 


19.15 JK~! mol}. 
9.5. MAXWELL RELATIONS 


Tn the derivation of mathematical relationships between the diffe- 
rent thermodynamic quantities, we shall concern ourselves only with 
the reversible processes involving pressure-volume work in closed 
‘systems in which there are no chemical reactions. 


Since, from the second law of thermodynamics, 


ds=4 . s+ (2) 
and from the first law, we have, 

dE—q—PdV 226) 
«Combining the two equations, we get 

dE=TdS—PaV 


. The differentials for H, G and V may be obtained from their 
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definitions as shown below: 
H=E+PV 
` dH=dE+PdV+VdP 
or =7dS+VdP 
A=E-TS 
: dA=dE—TdS—SdT 
or =—SdT—Pdv 
G=H—TS 
dG=dH—TdS—SdT 
—dE-- PdV--VdP— TdS—SdT 
Introducing the expression for dE and simplifying, we get, 
dG-— —SdT--VdP 
Thus, we have the following four analogous equations: 
dE=TdS—Pdv 
dH=TdS+VdP 
dA— —SdT— PdV 
and dG=—SdT+VdP 
These four equations are sometimes called the four fundamental 


equations of thermodynamics. They may be compared with the 
mathematical expression for an exact differential as shown below: 


u= f (x, y) 
GCA ( 2) ; 
du-( Y dey o). 
If du is an exact differential and is represented by 
du—Mdx-- Ndy 


then their cross-derivatives are equal i.e., 


want) 
ay jx ox Jy 
Application of this relation to the four fundamental equations 
yields the following four Maxwell relation : 


(3), ik ($$), <=. (9.51) 
( ar ), -( ar). . +. (9.52) 
(3 ), -(#) +. . (9.53) 
( E ) Es SUR .. (9.54) 
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These equations are very useful because they allow derivatives of 
thermodynamic functions to be expressed in other ways. [ 

By using equations (9.53) and (9.54), it is possible to obtain 
another set of expressions for the entropy change (dS) in terms of 
experimentally measurable quantities. From the definitions of the 
coefficient of thermal expansion (x) and the coefficient of compres- 
sibility (B), we have 

BOR ENE CNN 
p ( ar ), ce ana (3), 


Applying the cyclic rule to the variables P, T and V, we have 


37) (6) (&) ES 
oT Jy V WV )e\aP Jr — 
Utilising the definitions of « and B, we get 


(cse orm 


Or 
oP p 
so that c jh =alp os (9.55) 
Using equation (9.55) in equation (9.53), we get 
E ; 
(3), =a/8 <.. (9.56) 
Again using the definition of « in equation (9.54), we obtain 
Qe SLE j 
(3) = Va 1. (9.57) 


The involved expressions (8.32) and (8.46) for dS obtained earlier 
in Chapter 8 can now be written in terms of simple expressions by 
using the relations (9.56) and (9.57). These are given below: 


(i) When we write the total difference of entropy for any sub- 
stance in terms of T and V, we have 


_( 28 (28) 
as- (35. j4 dT4- oV). dV 


22 ee dT--V]a dP «s+ (9.58) 


(ii) In terms of 7 and P, entropy change is given by 
=( 2), ars (22) 
as=( $7), ar (37), ap 


= e dT—V «dP ... (9.59) 
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. 9.6. THERMODYNAMIC EQUATION OF STATE 


From the second law of thermodynamics, we have the relation 
dE=TdS—PdV, For constant T, this equation can be written as 


(8E)r —T (0S)r— P (9V)r 
Now dividing by (aV)r, we have 


3E zu as 
( aV ) en k eni 


es 
oV 


(8). -«(8). - zo 


This equation is known as thermodynamic equation of state 
because it provides a relationship among P, V, T and the energy 
and is valid for all types of substances. 

Similarly, restricting equation dH=Tds+VdP to constant tempe- 

rature and dividing by (dP)r, we have 


2H \ (25 
(35, rte 


Substituting the value of (3), from equation (9.54), we get 


Substituting the value of ( ) from equation (9.53), we get 
T 


oH) _ aV 
(37), --7 (5), v [1L 61) 
which is another thermodynamic equation of state expressing H 
in terms of P, V and T. : 


It is now possible, using equations (9.60) and (9.61), to prove the 
statement that for an ideal gas, the internal energy and enthalpy are 
functions of temperature only. 


For such a gas, 


nRT 
E a so that at constant volume 


Substituting this value in equation (9.60), we see that 
QEY .nRT 
( y ), FOTA 
=P—P=0 
oV 


Similarly, by substituting (55, =2R in equation (9.61), we 
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have 


=—V+V=0 
This demonstration easily proves the validity of thermodynamic ` 
equation of state for an ideal gas. 
With the help of equation (9.69), we can also get a simple expres- 
sion for C,—C,. For this, we proceed as follows: 
Substituting (57 ji =«/8 from equation (9.55) in equation 


or 
(9.60), we get 


BEA pe pee 
(3p), "T oP A6 3005(9:62) 
Since Cp ol P+ ( WV X3 aT y 
an 2E 
or A Pr (3 ), |v 
Substituting the value of (+), from equation (9.62), we get 


c c-| rer «t Pp. Te . . . (9.63) 


This equation permits the evaluation of Cp—C, in terms of 
quantities which are readily measurable for any substance. 


9.7. CLAPEYRON EQUATION 


The reationship between the variables in equilibrium between 
phases of one component systems, e.g., liquid and vapor, solid and 
vapor, solid and liquid, etc., can also be obtained from a thermody- 
namic relationship, called Clapeyron equation. 

Consider a liquid in equilibrium with its vapors at temperature T 
and pressure P. At equilibrium, Jet the temperature be changed to 
T--dT and the pressure to P+-dP, dT and dP being the infinitesi- 
mal changes in temperature and pressure respectively. Using the 
equation (9.33), we can write, 

For liquid, 

dGu)—Vu)dP—S()dT 


and for vapors of the liquid, 
dG(—VydP—SidT 
"When the two phases are in equilibrium, 
dGqy—dGg 
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à Equating the free energy changes, 
VindP—S'dT=Vg)dP—S(g)dT 


a St —Su 
ang aT VeV 
i dP AS 
or qr FAV: eee (9.64) 


where AS and AV denote the changes of entropy and volume res- 
pectively. 
Again at equilibrium, AG=0 


D AGrap= A Hyap — T ASvap=0 
or _ ASrap= Atlee A 
Substituting the value of ASyap in equation (9.64) we get, 
PO AH 
dT TAVa M : (9.65) 


Equation (9.65) is known as Clapeyron equation and gives the 
rate of change of vapor pressure with temperature. The Clapeyron 
equation is a general equation and can be applied to any equili- 
brium between phases. Thus for sublimation and fusion processes, 
Clapeyron equation becomes 


dPo Ay 
dT  T(V,—V,) 
dP _ AH; p 

and dT TV respectively. 


* 9,8. CLAUSIUS-CLAPEYRON EQUATION 


Clapeyron equation (9.65) can be put in a more convenient form 
applicable to vaporisation and sublimation equilibria in whichlone 
of the two phases is gaseous. 

AViap — Vig — V(j) 


Since the volume occupied by a liquid in a gaseous form is much 


ee i.2.,Vigy>>>>Viy, Vay can be neglected in comparison to 
[20 


Substituting this in equation (9.65), we get 
: aP _ AHu XP 

dT | RT 

dP. AHvap dT 


or P R T .. + (9.66) 


| 
| 
| 
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Integrating both sides of equation (9.66) between the limits Py and 
P3 corresponding to the temperatures 7; and Tz we get, 


Ps 4 Ta 
í "dP AHup f dT. 
pcm T? 
P, T, 
Py _ Aw ( TT : 
or in LA ( Eni) 1. (9.67) 


This is known as: Clausius-Clapeyron equation. Despite of several 
approximations involved, equations (9.66) and (9.67) find numerous 
applications for the measurements of vapor pressure over various 
liquids and solids. 

Problem 9.2. The vapor pressure of liquid A is 50 mm Hg at 46°C; this vapor 
pressure is 0.50 mm greater than that of solid A at the same temperature. At 
45°C the vapor pressure of liquid is 1.00 mm Hg greater than that of the solid. 
AH, is 9.0 kcal. (a) Estimate the melting point of A, (b) Calculate the heat of 
fusion of A, and its heat of sublimation. 


Solution. (a) At the melting point, the liquid and solid must have the same 
vapor pressure. Since the difference is 1 mm at 45°C and 0.5 mm at 46°C, it 
should be zero at 47°C. Hence the melting point of solid should be 47°C. (b) The 
heat of fusion can be determined using the Clausius-Clapeyron equation. For.the 
vapor at 46°C, we have: 

[ aP] _ AHyxP 
aT | RT: 
9000x 50 
= 1.98x 319)* 2.2 mm/deg. : 
Since the vapor pressure of the solid is increasing 0.5 mm/deg faster ‘than that 


of the liquid. 
aP AHSXP 

Also at |= RE 

where A Hs is the heat of sublimation, 
P=50+2.7=52.7 mm 

AHsX52.7 
1.98x 320X320 
2.7X1.98x 320x320 
gr Aus NEL ER CE pam Ry 

=10.35 kcal. 

The heat of fusion —- Heat of sublimation—Heat of vaporisation 

= AHs— A Hy=10.35—9.00 
=1.35 kcal. 

Problem 9.3. The boiling point of ether is 33.5°C at 760mm pressure. At 
what temperature will it boil at a pressure of 750mm. Given that the latent 
heat of vaporisation of ether is 88.4 calories per gram and has the molecular 
weight of 74. 

Solution. The Clausius-Clapeyron equation is: 
Ps _ A HyapX(T3— T3) 

2.308X RX TT. 
P,=750 mm n=? 


2.7= 
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‘Here |o oP,2760 mm 7,2306.5K 
A Hvap=88.4X74 calories per mole 
750 —— 88.4x74 (T2—306.5) 


s 108 769 = 7,303 x 1.987»06.5X T; 
or fi T,=305.9 K 
=32.9°C. 
` 9,9, CHEMICAL POTENTIAL ` 


In the discussion so far, we have considered thermodynamic systems 
containing only one chemical component. For studying the many 
component systems, particularly those which involve chemical 
reactions and transport of matter, it is necessary to add some terms 
to the equations for the closed systems. ` 

Fora pure substance or a system having the constant chemical 
composition, we have, 

dG=VdP—SdT 

Ina many component system -where the number of moles of 
various components of the system, nı, mo, .. . Mn, vary, further 
terms, may be added to the fundamental equation for the free 
energy. Thus for a many component system, 

G-f(T, P, NNa s ng) 

and the total differential is 


(36. 0G 9G 
rid ( oT m nf t ( oP js Hg (5). P, riu. 


0G 2G P 
Laas P, Pei AT HE P, niin +++ (9.68) 


where the subscript n; indicates that the quantities of all components . 
except the one in the derivative are kept constant. 


If the system does not suffer any change in composition, then 
. dny=0, dm=0 and so on and equation (9.68) reduces to 


= ( 2 Ed 
a= ( ar le „iT op S n IP 0-69a) 
Comparison of this equation with equation, dG—— SdT+VaP, 
shows that 


0G ) oar : 3G a 
(& p, n 7-8. 0.690) and (3). „n? 
9b) 


3 E d rip ate 
, In view of equations (9.698) and (9.695), the total differential of G 
in equation (9.68) becomes 


dG- Vap— sar (58. dms (48. 


om j^ P, ny ona J P, ae 
aG 


Ta Ee "m +. (9.70) 
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The coefficient of dm in this equation is called the chemical poten- 


tial, pı of the 1 component. In general, chemical potential, jj, of 
the ith component is given by 


0G 

z[-—— A z «(9.71 

ue ( om y: P, hj : e) 

With this definition, equation (9.70) will take the form, 
dG=VdP—SdT+ bo ju dry ... 09.72) 


Li 
where the sum includes all the constituents of the mixture. 

Equation (9.72) is sometimes called the fundamental equation of 
chemical thermodynamics. From equation (9.71), the. chemical 
potential of a substance i is equal to the rate of change in Gibb’s 
free energy of the system with number of moles n, of this component, 
when the number of moles of all other components are held cons- 
tant. Chemical potential is an intensive property and may be 
regarded as a force which drives the chemical systems to equili- 
brium. 

The fact that chemical potential of any substance in the system 
must have the same value throughout the system is an important 
equilibrium condition. There is always a spontaneous flow of matter 
from a region of high chemical potential to a region of low chemi- 
cal potential just like spontaneous flow of water from a high level 
to a low level or spontaneous flow of electric current from a region | 
of high chemical potentialto a region of low chemical potential. 
Chemical potential may also be referred to as the escaping tendency 
of that substance. Higher the chemical potential of a substance in a 
system, greater will be escaping tendency of that substance and 
vice versa. 


9.10. THE GIBBS-DUHEM EQUATION 
Since dG=VdP—SdT+- yu zu. 
i 


At constant temperature and pressure, this becomes 
dG= »*s dn, 
i 
By integrating this equation, we have 


6= ou » OL SI) 


Differentiating equation (9.73), we obtain - 
do- S n duirt pi dni) a (0.149) 
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Subtracting equation (9.74) from equation (9.72), we get 
Xn du=VdP—SdT 2. (0.75) 


This is known as the Gibbs-Duhem equation. 


At constant temperature and pressure, if the only variation in com- 
position takes place, equation (9:75) takes the form 


D nidu;—0 (T, P constant) ...(9.76) 


This equation shows that with variations in compositions, the 
chemical potentials do not change independently but in a related 
Way. Consider, for example, a System of two constituents of com- 
positions n; and nz respectively. For such a system, equation (9.76) 
becomes 


n duin; du,=0 (T, P constant) 
x da=- 21) dii a) 


With the help of this equation it is possible to find the change in 
the chemical potential du» of the second constituent by knowing a 
‘change in the chemical potential du; of the first constituent that 
results due to the variation in composition. Table 9.2 gives various 
thermodynamic quantities, 


TABLE 9.2 
Various Thermodynamic Functions 
Definition Function ; Name 
dE=dq+dw E n Internal Energy 
dS= doe. S Entropy 
H=E+PvV p H Enthalpy 
G=H-TS G Gibbs free Energy 
A=E-TS A Helmholtz free energy 
(work function) 
-(32) Chemical otential 
"Aw n, p nj ms PH 
_( aH Heat capacity at constant 
a ( eT J Cg pressure 
-( E ) Heat capacity at constant 
e ( eT Jy Cr volume 


9.11. APPLICATIONS OF CHEMICAL POTENTIAL 


In this section we shall briefly. discuss some of the applications of 
chemical potential in the study of chemical phenomena, 
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(a) Chemical potential of pure substances. The chemical potential 
for a pure substance is given by 


ii ds) aii 
[D ( me Perna —G, «+» (9.78) 
where G, is defined as the partial molar free energy of component i 


in the system, The other partial molar quantities are defined as: 


(=)-7, |. 0929) 
( E )=5 : .. (9.80) 


where V, and S, are the partial molar volume and partial molar 
entropy. From relation dG=VdP—SdT, we have 


IG xc sd; 
(45), =” 


On substituting the value of V in (9.79), we get 


9 [9G ide 
oe ets 


b] 5 
or ( e). =); ... (9.81) 
A similar argument gives _ 
Oui Lo Um 
(32), E .. . (9.82) 


Partial molar qauntities play an important role in the study of non- 
ideal mixtures. With the help of equation (9.81), one can calculate 
the chemical potential of the.gases, liquids and solids, provided the 
pressure dependence of volume is known. ` 


(b) The study of phase equilibria. Consider a substance i distributed 
between two phases x and 8 as shown 5 
in Fig. 9.2. 

Let u; (x) and u; (B) be the chemical 
potential of the substance in the two 
phases and dn; be the number of moles 
ofi transferred from phase « to the 
phase Q at constant temperature and 
pressure. Using equation (9.72), we get: Phase a 


dG=[1i(8)—Hi(«)] dni. 


r$ "ri Fig. 9.2. A component i being 
At equilibrium, dG=0 and fora distributed between two phases 


small finite change in the number of «and8. 
moles of i, dn; will be non-zero. Thus 


(8) — (2) —0 
or pi) — p(B) 
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Hence at equilibrium, at constant temperature and pressure, the 
chemical potential of each component must be equal in all parts of 
the system. 

(c) Chemical potential for an ideal gas. From equation. (9.42), the 
free energy of one mole of an ideal gas at one atmospheric pressure 
is given by 

G=G°+RT In P 
If there are n moles of the gas, the above equation takes the form 
G=G°-+n RT In P 


or 


G 
But (SENT 


Therefore, the molar free energy or the chemical potential of an 
ideal gas is given by 

p=u°+RT In P «.. (9.83) 

(d) Chemical potential in an ideal gas mixture. Suppose there is 

a system containing (714-n,2-734-. . .) moles of various ideal. gases 

at any constant temperature 7. Let pi, ps, ps... be the partial 
pressures"of gases in mixture. For such a system, we have 

n—nn-m... 

P=PitPotp3t o. 

RT 

and V=(n+m+m+ ... o 


Differentiating the volume (V) with respect to number of moles of ' 


any component, keeping T, P and number of moles of all other 
gases constant, we find 


py x | R 
p,2[-2— = 
i Lon T, P, Ny 


R 
n-(3) =RT_ 
Qn Jr, P, n; P 
or n- (37) HRL 
om İT, P, nj P 


This implies that partial molar volume of any component in a 


mixture of ideal gases is given by Zu . Thus equation (9.81) be. 


P 
( ui ) LAT 
aP Jr;n P 
or du=RT PRT dln P 


comes 
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But the partial pressure of the component i is given by 

pa 
Pros M 
For the given system, as m and n are constant, dinp;--dinP, so: 
that 
du —RT d In pi 
Integrating this equation, we have l 
pi^ RT In pi ..« (9.84) 
where y^; is the integration constant. 

This equation suggests that the {chemical potential'of any com- 
ponent in a mixture of ideal gases can be calculated from its par- 
tial pressure in the mixture. 

Equation (9.84) can also be written in the following alternate 
forms: : 

(i) Since pj C; RT where C;—concentration per mole of com- 
ponent i, f 


Then viu RT In RT+RT In Ci 
=w) HKT In C, . e . (9.85) 
where wno =u RT In RT 


(i) Again, from Dalton's law of partial pressure in terms of 
mole fraction, we have p,— PX; 
where Y; is the mole fraction of component i and P is the total 
pressure. Therefore, equation (9.84) is written as t 


m= +RT In P)+RT In X, 3 
=tpurey HRT In Xi ... (9.86) 


where t(pure) =Hi+-RT In P is the chemical potential for pure i 
under the pressure P. 

Since X¥;<1 and its logarithm is negative, it follows from equa- 
tion (9.86) that the chemical potential of any gasin a mixture is 
always less than the chemical potential of the pure gas under the 
same total pressure. This explains for the spontaneous mixing of 
gases into each other. 

Similar considerations apply to solutions also. For a truly ideal 
solution, the relevant equation for the chemical potential of any 
component 7 in the solution is 


#isoln) =p; (D4-RT In X; + (9.87) 


where p°; (I) is the chemical potential of the pure liquid and X; 
is the mole fraction of the component i in the solution. 

... (e) Chemical potential of real gases and fugacity. Equation (9.83) 
for chemical potential, : 


p=p°}RT In P ; 
is applicable only to ideal gases. 
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For real gases, Lewis (1901) introduced. a new function, called 
the fugacity f, and defined it by an equation analogous to equation 
(9.83). Thus, the chemical potential of a pure real gas is expressed 
as 

Um? RT Inf. «+» (9.88) 


The fugacity is regarded as a sort of idealized partial pressure 
and includes in it all the effects arising due to imperfections of the 
real gases. For an ideal gas, the fugacity becomes equal to the 
pressure. Since, however, any real gas tends to behave ideally when 
its pressure is reduced to zero, we can complete the definition of 
the fugacity of any gag by stating, that in general, 


S=P as P0 - + «+ (9.898) 
or that lim f/P=1 +» « (9,896) 
P>0 


The ratio JIP is called the fugacity coefficient of a gas and is 
denoted by y. It is a measure of the extent to which any real gas 
deviates from ideal behaviour at any given temperature and pres- 
:sure. 


In a mixture of real gases, the chemical potential of any consti- 
‘tuent 7 is given by 
Iw RT In A 
The ratio of the fugacity fito the fugacity in a standard state, 
Sf is called the activitya; ^ * 


ah 9.90) 
a= yp q ( 
In terms of activity, chemical potential is expressed as 
U^ RT In a ++» (9.91) 


9.12. ACTIVITIES AND ACTIVITY COEFFICIENTS 


In order to describe correctly the properties and behaviour of a non- 
ideal mixture or solution the ‘strength’, ie. the mole fraction, 
molality, concentration or partial pressure of each substance must 
be replaced by the activity of the substance in the appropriate 
formulae. The correction factor which is used to correct the 
"strength" So as to give the activity is known as the activity coefficient, 
ie. 
activity —activity coefficient x ‘strength’ 


The quantities and units by which the ‘strength’ of a given mixture 
"or solution is speicfied, e.g. mole fraction, molality, concentration 
or partial pressure will affect the activity coefficent but not the 
activity. The activity of a substance in mixture or solutions depends 
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on the amount of substance present and on the standard state oer 
to correspond to unit activity. 

For solvents of solutions and for components of liquid, solid or 
gaseous mixtures in which no distinction is made between solvent 
and solute, the standard state is taken to be the pure substance 
for which the mole fraction is also unity. In this case, we have 


activity=activity coefficient x mole fraction 
which for substance B may be stated symbolically 
as=fBX XB w+ (9.92) 


As the solution becomes richer and rieher in component B, which 
may be the solvent such as water, xs—>1.0,as—>1.0, therefore fs=>1.0. 
For ideal solutions at all concentrations,a5—xp, therefore, fs—1.0. 
For solutions exhibiting positive deviations from Raoult's law 
ap2Xn,therefore fs 1 and for solutions showing negative devia- 
tions, ap xp, therefore fs 1, provided that xsl. 


In the case of solutes in solution, such as drugs and electrolytes 
dissolved in water, the activity coefficient is taken to be unity for an 
infinitely dilute solution, i.e. 


activity —*molal' activity coefficient x molality 


ap-—Yn X mB «+s (9.93) 
as=‘molar’ activity coefficient X concentration 
ap—ynBXcp e. (9,94) 


For a given solution the activity, as, is the same using any one of 
these equations, but the activity coefficients are generally different. 
The standard state of the solute in a solution is such that it has unit 
activity. Since very dilute solutions behave almost ideally, a 
approaches m (or c) and therefore y (or y) approaches unity for 
such solutions. Table 9.3 gives variation of activity coefficient for 
an.electrolyte and non-electrolyte with dilution. 


TABLE 9.3, 
Variation of activity coefficent with molality in water 
m|(mol kg) y for NaCl v for glycerol 

0 [o0 : 1.00: 
0.C05 0.930 — 
0.1 0.778 ‘1.006 
0.5 0.679 1.032 
1.0 0.656 1.068 
2.0 0.670 1.132 
3.0 0.719 š = 


5.0 ‘ — 1,348 


222 . A TEXTBOOK OF PHYSICAL CHEMISTRY 
PROBLEMS 


1. Derive the conditions for thermodynamic equilibrium and spontaneity in 
-a system of constant composition. 

2. Why ifi the use of entropy, as a criterion for spontaneity, do we have to 

consider A Syniverse =A System” AS surroundings" but in case of the Gibbs 
free energy we have to consider only AC, stem (not AG universe” ^C system 
Nd AG. urroundings” 

3. The values of AH and AS for a chemical reaction are —22.6 kcal and 
—45.2 cal/deg respectively and these values are not very much affected by tem- 
perature changes. 

(a) Calculate AG for the reaction at 3000 K. 

(b) Calculate AG for the reaction at 1000 K: 3 

Ans. (a) —9,040 cal (b) +22,600 cal. 

- 4, Calculate AH, AS and AG when 1 mole of water is converted from liquid 

at 100°C and 1 atm pressure to vapor at the same temperature and pressure. 

Discuss the influence of the entropy and energy factors on the spontaneity of the 
reaction. 


5. The vapor pressure of acetonitrile is changing at the rate of 0.03 atm/deg 
near its normal boiling point which is 18°C. Calculate the heat of vaporisation. 

Ans. 7.4 kcal/mole. 

' 6. For a certain substance, the change in entropy on melting is3 cal/deg per 

c.c. of solid which melts. The melting point under 1atm pressure is 6°C and 

densities of the solid and liquid are 0.90 and 0.85 g/c.c, respectively. Calculate 

the melting point under 10* atm pressure. Ans. 4,9°C, 


7. Calculate the change in entropy for the isothermal compression of 50 g 
‘of oxygen at 300 K from 5 atm to 25 atm using (a) the ideal gas law, (b) the van 
der Waals equation. Ans. (a) —5.00 e.u.; (b) —5.15 e.u. 

8. Show that : s 

(a) dH=TdS+-VaP 

(b) dE=TdS— PdV 

“(aS eV 

© ($z )r=— sr)» 

9. Explain the term chemical potential. Give a brief account of its appli- 
‘cations. 

10. Write notes on the following: 

(a) Clausius-Clapeyron equation 

(b) Gibbs-Helmholtz equation 

(c) Gibbs-Duhem equation 

(d) Partial Molal quantities. 

11. Determine the change in free energy for the conversibn of two moles of 


"benzene liquid to vapor at 1 atm pressure (a) at the b.p. 80.1°C, (b) at 40°C, 


The vapor pressure of benzene at 40°C is 182.7 mm. 
T Ans. (a) 0; (b) 1775 cal. 


* 


————Ó 


Chapter 10 
CHEMICAL EQUILIBRIUM 


10.1. REVERSIBLE PROCESSES 


We know from experience that all chemical reactions are reversible, 
i.e., they proceed in both directions. Consider, for example, a simple 
reaction of the type 

A+B=2C+D 
(double arrows indicate that the reaction is reversible). 

Here, A and B are two reactants which react to give the products, 
‘Cand D. If the products are not allowed to escape, then as soon 
as they accumulate, they react to reform the reactants. Cand D 
react under the same conditions at which A and B react so that a 
stage is reached at which A and B react to give as much C and D 
as C and D react to give 4 and B. In other words, the rate of the 
forward reaction becomes equal to the rate of the backward reaction 
and thus a reaction never goes to completion. When a reaction 
reaches this stage, it is said to be in a stage of chemical equilibrium, 
a state at which the compositions of the reactants and products get 
fixed. ‘At chemical equilibrium, no perceptible transformation can 
be observed in the system and the reaction appears to come to 
‘standstill although in reality, the forward and backward reactions 
are proceeding at equal speeds all the time. Thus chemical equili- 
brium is dynamic in nature. à ^ 

Under any given conditions of pressure and temperature, the point 
at which equilibrium is established between the reactants and pro- 
ducts is always the same although we may proceed from either direc- 
tion for a given reversible reaction. This can be illustrated by consi- 
dering the reaction between H2 and T? in a closed vessel which may 
be represented as: 


H2+h=2HI 
Ata temperature of 425°C, the composition of the equilibrium 
mixture is found to be 12 per cent of Ho, 12 per cent of I2 and 76 
percent of HI. Ifthe reaction is started with HI at the same tem- 
perature, we shall find that the same composition persists for the 
equilibrium mixture. 


10.2. THE LAW OF MASS ACTION 


"This law helps us to find the relations among the concentrations of 
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reactants and products at equilibrium in chemical reactions and 
was first enunciated by Guldberg and Waage in 1864. This law states 
that at constant temperature, the rate at which a substance reacts is 
directly proportional to its ‘active mass.” The velocity of a chemical 
reaction is proportional to-the products of the ‘active masses? of the 
reactants. : 

The ambiguous term ‘‘active mass” in the above statement isa 
thermodynamic quantity and is given by asc. f, where a is the 
active mass, c is the molecular concentration and: f is its activity 
coefficient. For reactions involving gases and solutions, f=1 and 
“‘concentration’’ may be substituted for “active mass”. 

Consider a general reversible reaction > 

A+B=C+D ++ (10.1) 

According to the law of mass action, the rate of the forward 
reaction, Ry, at any time is proportional to C4 and Cz, the concentra- 
tions of 4 and B respectively and is given by 

Rj—ki Ca Cp eee (10:2) 
where ki is a proportionality constant for the forward reaction. 
Similarly, the rate of the reverse reaction, R,, is given by 

R,—k3CcCp ... (10.3) 
where Kk» is the proportionality constant for the reverse reaction and 
Cc and Cp stand for the concentrations of C and D respectively. 

At equilibrium, the two rates must be equal. Hence, 


Rj—R, 
or ) kıC4Cr=k2CcCp 
By rearranging this equation, we get 
s GcCp k 
à; Cc, =p Kk . + (10.4) 


The constant Ke is known as the equilibrium constant of the parti- 
cular reaction and gives the ratio of the product of concentrations 
of resultants to the product of the concentrations ofthe reactants. 
The subscript c indicates that tbe equilibrium condition is expressed 

in terms of the concentration units, j.e., moles per litre of the various 
species. 

: . If we consider a process involving more than a sin gle molecule of 
each of the reactants and products, then the rate is proportional to 
the concentration of the given substance raised to a power equal to the 
number of molecules of the substance participating. Thus, for the 
Teaction 


“A+bB+... CH DA... 9.558105) 
the two rates are given by 
AR Ab 
Rr=ki CC, É . + (10.6) 
and Rh C. CT prs 09) 


——— UP 
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and the expression for the equilibrium constant in terms of con- 
centration is 


C Ct 
Pe EK +++ (10.8) 
C, C, 


Equation (10.8) gives the most general definition of the equili- 
brium constant. By convention, the equilibrium concentrations of 
the substances appearing on the right hand side of the chemical 
equation (the products) are always placed in the numerator of the 
equilibrium constant expression and the concentrations of the sub- 
stances appearing on the left hand side of the chemical equation 
(the reactants) are placed in the denominator. It should be borne 
in mind that the reciprocal of Ke as defined by equation (10.8) will 
also be constant and the two constants are related to each other by 
the expression given below: * 


: .. . (10.9) 


Küirect action QURE, 3Y 
reverse reaction 


10.3. THERMODYNAMIC DERIV ATION OF THE 
EQUILIBRIUM CONSTANT 


Consider the general reaction : 
#A+bB+...2cC+dD+... +++ (10.10) 
We know that the chemical potential of a substance in the mixture 
is related to its activity by means of the equation 
pw RT Ina : «4 (10.11) 
where p? isthe chemical potential of the pure substance in the 
standard state of unit activity. j 
Again, for the given reaction, 1 
free energy of the products=cuc+dup+... «+ « (10.12) 
and free energy of the reactants=apua+bpst+... . «. (10.13) 
where y. terms stand for the chemical potential of various substances. 
If the values of chemical potential as defined by equation (10.11), 
are substituted in equations (10.12) and (10.13), the difference in free 
energy, AG is given by 
AG=[c(u°c+RT In ac)d- d(u^p4- RT In ap)] 
—[e(u^ 44- RT In a4)2-b(w^ p-- RT In ag)] 2+. (10,14) 
where a4 and ag are the activities of A and B (reactants) and ac and 
4p are the activities of C and D (products). 
On rearrangement of equation (10.14), we get 


c d 
aa... 
AG=AG°+RT In (25) +. + (10:15) 
ag” oe 3 


a. 
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where AG? stands for the difference in free energy of the reaction 
when all the reactants and products are in their respective standard 
States and is given by 


AG"^-(cu^c--du^p4-. .. )- (xa^ 4 bug...) ++ « (10.16) 


It should also be keptin mind that in equation (10.15), all the 
Activities indicated are those of the Products at the end and of the 
reactants at the start of the reaction. 


Again, at equilibrium, AG=0, provided the Pressure and tempe- 
rature are constant. Therefore, at equilibrium, equation (10.15) 


becomes 
cd 

x rs 

omarr ( E ) 
> a.d... 

A B e 
Eus 

or AG'——RT In ER +++ (10.17) 

a.d ... 

A B e 


" 


"The subscript e indicates that the activities are those of reactants 
"and products at. equilibrium. Since at any given temperature the 
'standard free energy change AG? is a constant for any given reac- 
tion, it follows that the right hand side of equation (10.17) must also 
be constant ;.e., 


c d 

OSA 

( US Jen ++ + (10.18) 
PLE 

where K, is the thermodynamic equilibrium constant of a reaction. 


Kais constant only at a particular temperature. If temperature 
. changes, it will also change. Thus equation (10.17) becomes 


AG^— —RT In Ka x»: (10,19) 
Knowing K,, it is possible to calculate AG? at a given temperature. 


e 


10.4, EQUILIBRIUM CONSTANTS EXPRESSED IN DIFFE- 
RENT UNITS 


IFor reactions involving gases, it is convenient to express concentra- 
tion of any gas at any given temperature in terms of its partial 
pressure. To define equilibrium constant in terms of the partial 
‘pressures of the reactants and products, consider the general gaseous 
reaction, 


@A+bB+...=cC+dD+... 


If P4, Ps, Pc and Pp are the partial pressures of the various 
gaseous species at equilibrium, equilibrium constant may, be 
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written as, 

e pd 

Po P 


- .. . (10.20) 
p*, p^ 
A B 


Kp 


where Ky is the equilibrium constant in terms of partial pressure and 
is constant at a given temperature. It should be noticed that equa- 
_tion (10.20) is valid for a system involving ideal gases. 


10.5. RELATIONSHIP BETWEEN K, AND K, 


Kp and K; for a given reaction are not same numerically. It is possi- 
bleto obtain a relationship between these two constants at any 
temperature provided the gases in the reaction obey the ideal gas 
laws. Since for an ideal gas, the pressure is given by 


n 
P-(2 yer 
where V is the volume occupied by n moles of gas at the tempera 
ture 7. But Y is equal to the molar concentration C, therefore, 
P=CRP 
Substituting this value of P in equation (10.20), we get 
c c d d 
s CRT): CURT) sss 


MEETS a b 
C* (RT) . 5. (RT)... 


CGE xor tine 
Eig db ; 
a b a+b... 
ORCA KRD 
Ceo. : 
c` D (ctd+...)—(atb+...) 
Worm AN etd . (021) 
A B 
oxi Ten 
But, since K= £ D 
C. C, 
Therefore, equation (10.21) becomes 
K,—KRT)^" . +. (10,22) 


where An=[(c+d-+...)—(a+5)...]is equal to the difference in 
the total number of moles of gaseous products and reactants during 
the reaction. An can be zero, positive or negative. 
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When An is zero, i.e., when the number of molecules of the reac- 
tants is equal to the number of molecules of products, it follows 

from equation (10.22) that KK. 
© When An is positive, i.e., when the number of molecules of the 
products are Jarger than the number of molecules of the reactants, 
Kp is greater than Ke. 

When An is negative, i.e., when the number of molecules of the 
products are smaller than the number of molecules of the reactants, 
Kp is less than K;. 

Problem 10.1. For the dissociation of water, HiOeH;tg)2-1Ong) at 1000*C, 
the value of Kp with partial pressures in atmosphere is 1.87: 10-*. Assuming ideal 


behaviour of gases, calculate the corresponding value of Ke with concentrations in 
moles per litre. 


Solution, For the reaction, Ha3Ot(gje& Hat g)H-3O 49) 


An=1+3-1=} 
T=1500+273=1773 K 
and R=0.08205 litre—atm-deg-! mole 


Therefore, using equation (10.22) we get 
Kp= Ke (0.08205X1773 K)*!? 
1.87x10-* 
» Ke= (9.08205 x1 Ty 


=1.55X10-? mole per litre, 


10.6. PROPERTIES OF EQUILIBRIUM CONSTANTS, 
K, AND K, 


The equilibrium constant Kp or Ke of a reaction is generally referred 
to as ‘classical constant’ in contrast to thermodynamic constant 
defined by equation (10.18). The equations for Kp and Ke are appli- 
cable to the systems which involve ideal gases. Following are some 
of the properties of the two equilibrium constants: 


(i) The expressions for Kp and K, are valid only at equilibrium. 
In other words, the expression for Kp or Ke will be constant when we 
take only those pressure terms or concentration terms of a reversible 
process which correspond to the Point of equilibrium. Thus, the 
equilibrium constant for a reaction does not depend upon the initial 
concentrations of reactants or proJucts and gives constant value 
when equilibrium concentrations are inserted in the expression for 
Ke, no matter there may be different initial concentrations at the 
same temperature. 


(ii) The equilibrium constant varies Only with the temperature of 
the reaction and is constant at a constant temperature. 

(iii) By knowing the values of Kp and K., we can determine the 
extent to which a particular reaction can take place under the given 
conditions. The large values of Kp and K, imply that the formation 
of product is large and the reaction is more on the right side. On 
the other hand, if the values of K» and K, are small there is little 
product formation and the reaction is more on the left side. 
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(iv) It is possible to predict quantitatively the effect of changing 
concentrations of reactants and products on the extent of reaction, 


Consider, for example, the reaction 
Hog) Dgj22HIq, 
at a constant temperature. K, for this reaction is Biven by 


2 
Mem V HITS 
d Pg, -Pr 


Let the equilibrium be disturbed by adding Hz at constant tem- 
perature. This will increase the pressure of hydrogen. Since Kp is 
constant at all pressures therefore, in order to maintain its con- 
stancy, the increase in the partial pressure of hydrogen should be 
compensated. This can be done by decreasing the partial pressure of 
iodine and increasing the partial pressure of hydrogen iodide, In 
order to accomplish it, hydrogen and iodine should react further to 
give more of hydrogen iodide and the process continuing till the 
equilibrium is re-established. Similar will be the effect of adding 
iodine. On the other hand, if hydrogen iodide is added, the nume- 
rator of the equilibrium expression increases and, therefore, the 
denominator must increase due to dissociation of hydrogen iodide 

o form Hp and I; so as to maintain a constant value of Kp. i 


10.7. THE LE-CHATELIER-BRAUN PRINCIPLE - 


This principle is useful in determining the effect of variation in 
temperature, pressure and concentration on the position of equili- 
brium of a reversible reaction. This principle which is fundamentally 
based on the second law of thermodynamics, is defined in the 
following way: 


If a change occurs in one of the variables, such as pressure, tem- 
perature or concentration, under which a system is in equilibrium, 
the system will always react in a direction which will tend to coun- 
teract the effect of change in the variable under consideration. 


Consider for example, the effect of changing pressure on the 
system in equilibrium. An increase in the pressure of a gaseous 
mixture at equilibrium will cause a decrease in the volume. There- 
fore, the system will move in such a manner so as to favour smaller 
volume. In the formation of ammonia (N2+3H2=2NHs3), there is a 
decrease from four volumes to two volumes. Hence, the formation 
of ammonia is favoured by an increase in pressure, 


Similarly, we can understand the effect of temperature. For endo- 
thermic reactions, which absorb heat, an increase in temperature 
will be favoured. Conversely; exothermic reactions (where heat is 
given out) are favoured by the removal of heat. 
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On the other hand if a reaction, such as N204:22NO; is accom- 
panied by increase in volume, the formation of product will be 
favoured by the decrease in pressure. 

Inthe reaction resulting in the formation of sulphur trioxide 
according to the following chemical equation, 

2 SO3()--O,)&22 SO3(,)+42,000 cals 

Since this is an exothermic reaction, formation of sulphur trioxide 
will be favored by lowering the temperature. 

Again if the concentration of one of the components of the system 
is increased, the equilibrium will change in such a way so as to 
decrease the concentration of that particular component. 

The Le-Chatelier-Braun Principle is a principle of bro"d and 
general utility and is applicable not only to chemical equilibria but 
to equilibrium states in any physical system. It does not tell the 
quantitative change, but qualitatively it tells the change in direction 
of the system. 


10.8. TYPES OF CHEMICAL EQUILIBRIA 


There are two types: 

(i) Homogeneous equilibria in which only one phase occurs, 
For example, a system containing only gases or a single liquid or 
solid phase. 

(ii) Heterogeneous equilibria in which more than a single 
phase appears. 

For example, equilibrium between solid and gas, liquid and gas, 
solid and liquid, solid and solid, immiscible liquids etc. 


10.9. APPLICATION OF LAW OF MASS ACTION TO 
HOMOGENEOUS GASEOUS EQUILIBRIA 


Type I. Reactions in which there is no change in the number of 
mol*cules. 
In this type, the number of molecules of reactants is the same as 
the number of molecules of products, Some examples are 
H5--I2z:22HI 
N2+02=2NO 
H24-CO;2H;04-CO 
In all such reactions, An—0. Hence from equation (10.22), 
the equilibrium constants Kp and K. will be equal for reversible 
reactions of this type. 
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Hydrogen iodide-equilibrium. Let us start with a moles’ of 
hydrogen and b moles of iodine and let x is the amount of hydrogen 
iodide formed at equilibrium. If V is the volume of the system, then 
the various concentration terms at equilibrium are given by 


a—x 
Cp, =x V " 
b—x 
Ci, = y 
2x 
and Cut UE 
The equilibrium may be represented as follows. 
Initial molar concentrations aV- b|V .0 
H2 + bh = 2HI 
pares z : a— h-x 2x 
Equilibrium molar concentrations ope na 


The equilibrium constant for this reaction is, thus, given by 


( 2x ij 
LE CHI] 250 JE. un 4x2 
c= ch (arx pum) (a—x) (b—x) 


... (10.23) 


It should be noted that the volume V has disappeared from equa- 
tion (10.23). This is characteristic of all reactions in which the total 
number of moles of reactants are equal to the total number of moles _ 
of products. Hence, the equilibrium constant remains unchanged by 
change of volume and pressure. h 


The equilibrium constant in terms of pressure, Kp can be deter- 
mined as given below: 


Initial number of moles a b gus 
Bont icd e 2HE 
Number of moles at equilibrium a—x b—x 2x 


Total number of moles of gas present at equilibrium is 
ny=a— x+b—x+2x=a+b 
If the total equilibrium pressure is P, then by means of Dalton's. 
Law of Partial Pressure, the various partial pressures are given by: 


(a=) 
Pu. = (arb P 
(b—x) 
Ph = b) 
and posce 


HI (ab) 
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| Therefore, 


(Etude 
“Gy, Gx 
(a+b) Pa (a+b) i 


4x2 
Grp 

7 (a—39)0—x) ps 
(rb c 


a 4x2 
(a—x)(b —x) 


.. . (10.24) 


:Hence, as can be seen from equations (10 23) and (10,24), 
K,—K.. 


Experimental verification of the law of mass action. This 
‘was done by Bodenstein in 1897 when he studied hydrogen iodide 
‘equilibria. He heated a known amount of hydrogen and iodine 
together in various Proportions in sealed glass tubes to a temperature 
of about 450°C by keeping the bulbs in a boiling sulphur bath. After 
Sometimes, sufficient for the attainment of equilibrium, the tubes 
were suddenly cooled to fix the equilibrium. The unreacted contents 
"Were then analysed by opening the bulbs in KOH solution; which 
absorbed unreacted iodine and hydrogen iodide formed in the 
reaction. The amount of hydrogen left was then determined by 
measuring the volume. 


The value of K, for various initial concentrations of Hz and L was 
then determined from equation (10.21). It was always found to be 
constant. 


Bodenstein further confirmed the results by approaching the 
equilibrium from the opposite direction. He heated hydrogen iodide 
alone to the same temperature and determined the amounts of 
hydrogen and iodine formed. Let x be the initial number of moles of 
hydrogen iodide and is its degree of dissociation at equilibrium. 
If V isthe total volume, the equilibrium is represented as 


Initial molar concentration n]V 0 0 
2HI = Ho. + L 


Molar concentration at equilibrium 0» lm 1 ne 


24 *y ONE 
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The equilibrium constant, K’., for this is given by 


,_ CH, Cy 
P CH 
l nm 1 na 
RERA EAA 
jT n (1—«) ] 
V 
a2 
“qa 


The equilibrium constants for direct and reverse reactions at the 
same temperature are related to each other by this expression. 

The results of hydrogen iodide equilibrium at 457.6°C are shown 
in Table 10.1. 


j TABLE 10.1 
| 
| Cy, x10* Cy, x10 Cg] X10 Kc 
| moles|litre moles/litres moles/litre 
5.617 0.5936 12.70 48.4% 
4.580 0.9733 14.86 49.5* 
: 3.841 1.524 16.87 48.6* 
| 1.433 1.433 10.00 - 48.7** 
l 1.696 1.696 11.81 48.5** 
4.213 4.217 29.43 48.8** 


*Equilibrium approached from hydrogen and iodine. 
**Equilibrium approached from hydrogen iodide. 


It can be seen from this table that the value of K, are considera- 

bly constant although equilibrium was approached from different 
| amounts of both the reactants and products. j 

This verifies law of mass action; 

Problem 10.2. 15 gram molecules of Hy, on interaction with 5.2 gram mole- 
cules of iodine vapors at 444°C, produced 10 gram molecules of HI. Determine 
the equilibrium constant of the reaction 

H;+I, œ 2HI 
Solution.  - a b 0 
H, + I, æ 2HI 
(a—x) (b=x) 2x 
Tn the present case, 


. a=15, b=5,2 
and 2x=10 or x=5 
‘Therefore, s a—x-15—5-10 


b—x-252—5-0 
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Applying the law of Mass Action, 


(10)? 
(0) (0:2; = 


Problem 10,3. The degree of dieci f les of hydrogen iodide 

448°C be 22 per Cie ta Mem uber of moles of h E 

jodide, hydrogen and iodine E formed at t equilibrium. Al Also calculate the equili- 
ti reaction, 


= 1,872 


=2.40 x 


=240 x Qm 0.264 


(0.22) 20.264 


A peut 
MU — 
uS = 0.0199. 


exp m iE TY ee he and 18 moles of 
when moles 
en jodide was obtained. Calculate te degree of dios dissociation eae d 
PHP FH EH NEN GSA VAM 

a 0 

Hy + € 2HI 


(a-x)  (b-x) 2x 
and in the present case, pcd or  x-15$4,ae25 
18 


ken 
^ Bas Ej AA 


<. Equilibrium constant, 
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Dissociation of hydrogen iodide is represented as below 
2HI e HH, 4 
If we start with 1 mole of hydrogen iodide and assume that a is its degree of 
dissociation, the equilibrium constant is given by 
CR 
dic? X M 
or a9 0,245, 


Formation of Nitric Oxide 
Nitric oxide is obtained from Nitrogen and Oxygen according to 


the equation 
N2+-0; e 2NO 
This is a reversible process and hence the law of mass action can 
be applied to it, 
The expressions for Ke and Kp for this reaction can be obtained 
exactly in the same way as were obtained in the case of hydrogen. 
iodide equilibrium. 


The Water Gas 

This is again a reversible gaseous reaction and is represented by 
the equation 

CO; H3 e CO4-H;O 

Let us start with a moles of carbon dioxide and b moles of 
hydro, and let x is the amount of each of carbon monoxide and 
water formed at equilibrium, If V is the volume of the system then 
the various concentration terms at equilibrium are given by 


b—x 


Coo, = ^: Cg, *^—y—; 
Cco*3- 
and Cio =F 
The equilibrium constant in terms of concentration for the water 
gas reaction is then given by 
Coo. 
K, 
e" “Cu, 
e Ni 
Viv 
T a—x — 
(x) 


*(a—3)6—3) ~~. (10,25) 
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The equilibrium constant in terms of pressure can also be obtain- 
ed as given below: 


Initial number of moles a b 0 0 
CO» + H; = CO + H;O 
Number of moles at 
equilibrium a—x b—x x x 
Therefore, total number of moles at equilibrium, 
m=a—x+-b—x+x-+-x=a+b 
If the total equilibrium pressure is P, then by means of Dalton’s 
Law of partial pressure, the various Partial pressures are given by 


a— x, 

Poo, = EER P 
(b) 

Pn caga 


x Goby . + . (10.26) 


As can be seen from equations ( 10.25) and (10.26) Kp=Ke. It 
should be noted that in Type I reactions, the equilibrium constant 
expressions do not involve any volume term and hence are indepen- 
dent of any pressure or volume change. 
eins, aaria with equimolar ome. er. pazba monoxide m 

molar percent com; lem 
equilibrium at 1000 K; the equilibrium constant at this foxperatexye Ól 19. 

Solution. Since the number of moles of CO and H,O are equal at the com- 
mencement, they must obviously remain equal Out the reaction; let these 
values be n at equilibrium. Similarly, the number of moles of CO, and H, must 


be equal; let these be m, at equili ER ly fo th 
jade A ? m at equilibrium. Tt follows, then, from expression for the 


"co . "HO 
Ke7 n, 
CO, . "H, 
Substituting the various values, we get 
0.719 Dr or =v O7i9=0.848 
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The amonuts of CO, o, pu. and H, at equilibrium are, therefore, t 
in the molar ratio of 0,848; 0,848: 1.00 : 1.00; the molar precentage of CO and 
H,O are consequently each 


0.848 
GX0348)-(2X 1.00) * 100 22.9% 


Tbe molar percentages of CO, and H, are then each 27.1 cent, The com. 
position of the: walor gas at ceat a DTE thus CO, 22.9; H,O, 229; 
CO,, 27.1 and Hy; 27.1 moles per cent. 


Type IL Reactions in which there is a change in the 
number of molecules, [n this type, the number of molecules of 
reactants is not equal to the number of molecules of products, Some 
examples of this type are 
PCI, & PCI-- Cl; 
N3+-3H) à 2NHy 
N20; we 2NO; 
COCI; e CO 4-Cl; (dissociation of phosgene) 
2502+ 0; e 250; 
2H2S e 2H34-28 
Tn all these reactions, there is a change in the number of mole« 
cules, Hence Kpy K;. 
We shall study some of the reactions in detail, 


Dissociation of Phosphorus Pentachloride 

Let us start with n moles of PCls and let a is the degree of dissocis 
ation of PCls, If V is the volume of the system, then the equilibrium. 
is represented by i 


PCs — e PCh + Ch. 


Initial molar concentration PF 0 0 


Equilibrium molar concentration xi) " E 
The equilibrium constant in terms of concentration is given by 


ply 13i 
"XIX “Ta «++ (1027) 


It should be noted that V occurs in the denominator, Hence as y 
increases, ca must also increase to maintain constancy of Ke 


This means that an increase in volume (or decrease in Pressure) will 
increase the degree of dissociation. This is also. confirmed whee 


2o* = ^ 


E : ad 
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equilibrium constant in-terms of pressure is calculated. This is shown 

below: 
; PCl = PO Ch 

Initial number of moles n 0 0 

Number of moles at equilibrium n(1—«) na na 
Total number of moles at equilibrium, 

i d n,—n-—na--na-- na 

i —n(14-a) 
Let the equilibrium pressure is P. 
Therefore, the various partial pressures are given by 


Pro [49]? 7 (c 


Peeu-[ satay J? (aos y 


" 


ve Po Lass Y (t) 
Hence K= o 
: 
diris) 2 (yee)? 
(s) 
er Ku P . . . (10.28) 


„From this equation, it can easily be shown that a decrease in P 
will increase «. This is also in agreement with Le-Chatelier Braun 


Principle. 


Dissociation of Nitrogen Tetraoxide 
Let n is the initial number of moles of nitrogen tetraoxide and let 
a be the degree of dissociation at equilibrium. The total volume of 
the system is V. The equilibrium is represented as, 
N20, = 2NO; 
0 


Initial number of moles n 
Number of moles at equilibrium n(1—a) 2na - 
( ze 

à yr CN ek 
s% * CNwo,  n(1—3) 

V 

4na? 
=a 


| 
| 
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. P2 Sce. : g " 
Again, Kj— NO: s K 
PN,o, Xe 
Total number of moles at equilibrium 
—n(1—a)J- Zn«.—n(14- x) 


If the total equilibrium pressure is P, the partial pressures of the 
warious gases are given by : . 


2nx 2« EAS 
Prol sicca." Cia )^ "t 
p a1 —«) f l~a 
= Po" irgo ]^- (19s 
2a 2 
> A I+a je ] Bic ie 10.29 
i el aipa tom ues 
\ TF; 


The effect of pressure change is similar as in the case of dissocia- 
stion of PCls. From equation (10.29), it is evident that from a know- 
ledge of Kp, degree of dissociation at any pressure can be calculated. 


The Ammonia Equilibria. Ammonia is obtained by combining 
-one part of nitrogen with three parts of hydrogen. The reaction is 
reversible as shown below: 

N.+3H2 = 2NH; 

Let us start with 1 mole of nitrogen and 3 moles of hydrogen in a 
‘closed vessel of volume V and let x moles be the amount of am- 
monia at equilibrium. 


The various concentration terms at equilibrium are given by 


1—x. 3—3x 
Cy, =p Ca, = 
2x 
cand CN =F 


Therefore, equilibrium constant in terms of concentration is given 
by 
2 
Cnn, 
Cy.. Cu, 


2x. 2 
cis 
PORED 


Ke= 


<. (10.30) 


240- * m A TEXTBOOK OF PHYSICAL CHEMISTRY 


r^ 


- "To calculate the equilibrium consta 
We proceed as follows: 
„At equilibrium: 
. Number of moles of N)  —1—x : 
| Number of moles of H, =3—3x=3(1—x) 
* — Number of moles of NH; —2x 
Therefore, the total number of moles 
DUM. =1—x+3—3x+2x=4—2x 
* If Pis the total equilibrium pressure, the partial pressures of the: 
various gases are given by 


2x 
and Pyy,= 4—2x P 


2x 2 
( 42x ) P 


=x) 3(1—x) P 
4-3») ^: e| i: 


4x? (4—2x)2 
gn ZI EL ++ (10.31) 


If x is negligibly small as compared to unity, then equation (10.31) 
becomes 


64x? 27 
EN cue 2 
Kp a;pz 9 X 64 Kp P 
From this, itis clear that x« P (Kp is constant at constant 
temperature). 


In other words, the formation of ammonia increases with increase: 
of pressure. This is also evident from Le-Chatelier Braun Principle: 
according to which the formation of ammonia is favoured by an 
increase of pressure (since formation of ammonia is attended bya 
decrease in volume from 4 molar volumes to two molar volumes), 
Hence in the synthesis of ammonia, a pressure of 200 atmospheres. 
or more, is used in practice. 

Problem 10.6. In a mixture of 1 part of Nz to 3 parts of Hs, the mole per 
cent of NH, at equilibrium was found to be 1.20 at 500°C at a total pressure of 


10 atm. Calculate the value of Kp and the pressure at which the equilibrium 
mixture at this temperature contains 10.4 mole per cent of NH;. 


nt in terms of pressure, /.e., Kp 


> AM, WA 
— YES ds 
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Solution. Let x be the mole fraction of. NH; at equilibrium, so that 100x is 
the mole per cent. The sum of the mole fractions Of tN, and H, must then be 
1—x, and since these gases are in the ratio of 1 to 3, it follows that j ~ 7 


$ d 
*N, -T (1—x) and T E -- (1—x) 
and so, if P.is the total pressure, 
P? 
Kie ENH, 
Py, XPH, 2 
d (xP)? y +? 


1 3 n 8 
+ a-3rx (4- (1=x) P ) 
Tn the present example, P is 10 atm; 
100x is 1.20 so that x=0.0120 
and 1—x=0.988, 
K= (0.0120 10)? x 
p 1 3 3 
(= x0.988x10 es X0.988x 10 ) 


—1.43X10-5 


Consequently, 


with the pressure in atm. 
It is now required to calculate P corresponding to 100x 210.4 
JUR] x20.104 and 1— x 20.896; thus 
Kp—1.43x1075 


(0.104 P} 

i 3 2 

( 4 x0.896xP )x(qx0896x?) 
or P=105 atm. 


10.10. DEGREE OF DISSOCIATION FROM DENSITY 
MEASUREMENTS 


Consider the reaction 
PCls = PCl; + Ch 


Let D be the density of PCls before dissociation and d be the 
density after dissociation. 


Suppose we start with 1 mole of PCl; and let a is the degree of 
dissociation of PCls. The total number of moles at equilibrium will 
be 1—a+a+a=1+a. If V is the volume occupied by 1 mole of 
PCls under the temperature and pressure ofthe experiment, the 
volume occupied by [-++« moles at equilibrium would be (1-2): V. 
Since density is inversely proportional to volume, we have 


D a + -.. (10.32) 


and da ar + (10.33) 
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» Dividing (10.32) by (10.33), we have 


D (SY O o Do 
y : ww cp e ql 
or Hu Dd . . (10.34) 


If a molecule dissociates into n number of moles, the total number 
of moles at equilibrium after dissociation will be (l—«-+-na) and 
_ equation (10.34) takes the formi 


1 D—d 
Say ho 325.(10,35 
"am a) n 
Problem 10 7. Phosphorus pentachloride when heated in a closed vessel 
dissociates into PCl, and Cl, The gaseous mixture is found to have density of 
775.5 at 200°C. Find the degree of dissociation of PCl; at the same temperature. 
Atomic Weight, P—31; Cl 235,5]. à 
Solution. We have the relation 
D-—d 


am— 


d 
Here, density (D) of PCI, before dissociation is given b; 


Molecular Weight ut 3141775 _ 04,25 
21 
- cand d=75:5. 
104.25—75.5 å 
C3 s5 =0.381 ` or 38.1% 


10.11. COMBINATION OF EQUILIBRIA 


{Tt is sometimes possible to calculate the equilibrium constant for 

a reaction from a knowledge of the equilibrium constant of other 

| reactions having some reactants or products common. Consider, for 

lexample, the dissociation. of water and the water-gas equilibrium 
[which takes place as given below: 


i 
Pu. P 
HO = Hz-jO;, K,—. t O, <.. (10.36) 
H,O ` 
COr+H=H:0+C0, K= 20 _ Poco <. (10.37) 
i Pco, Pm, 


Knowing K, and K,' for these two reactions, it is possible to 
calculate the equilibrium constant, Kp” for the reaction. 
Poo RP 
Pco, 
It is apparent from equations (10.36), (10.37) and (10.38) that 
K,—Ky . Kp «.. (10.39) 


CO2z=CO+ 402, K,— « « . (10.38) 
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By using equations similar to type (10.39), itis possible to deter- 
mine the equilibrium constant for a reaction which cannot be 
obtained by direct measurement with accuracy, The only condition 
is that the temperature at which various equilibrium constants are 
measured must remain constant. 


10.12. THE EFFECT OF INERT GAS (A GAS WHICH DOES 
NOT ENTER INTO THE REACTION) ON EQUILI- 
BRIUM i 


This will depend upon the type of reaction. In reactions of type I 
(An=0), addition of an inert gas will simply increase the total 
pressure of the system without changing the partial pressures of 
various reacting species. But, as we have seen earlier, reactions of 
type I remain unaffected by change of pressure. Hence the addition 
of inert gas to such type of reactions will not effect the extent of 
reaction at equilibrium. 


In reactions of type II (An0), the addition of an inert gas does 
effect the extent of reaction at equilibrium because it decreases the 
partial pressures of the reactants and products of a given total 
equilibrium pressure. Consider, for example, the dissociation of 
phosporus pentachloride: 


PCls=PC}3+Cl> 


The equilibrium constant expressions in terms of pressure and 
concentration for this reaction are i 


Koman a aom 


Let us now consider two cases: 


(i) If an inert gas is added at constant volume, the various equili- 
brium concentration terms involved are not changed. Since, the 
concentration of an inert gas is not involved in the equilibrium 
constant expression, therefore, the equilibrium remains unchanged. 


(ii) If an inert gas is added at constant pressure, the volume V of 
the system will increase. This will cause dilution of the reactants 
and products. From the expression for Ke, if V. varies, « must 
increase to keep Ke constant. This means that more of phosphorus 
pentachloride will dissociate, or in the other words, the formation 
of the product is favoured. 


In general we can say that for those reactions in which the number 
of molecules of products are more than those of reactants, addition 
of an inert gas at constant pressure will favour the product forma- 
tion. However, for reactions in which Anis negative, for example, 
in the formation of ammonia, addition of an inert gas at constant, 
pressure will favour the formation of reactants. 
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10.13 HOMOGENEOUS EQUILIBRIA IN LIQUID SYSTEMS 


An important example of this type of equilibrium is the esterifica- 
pon of acetic acid by ethyl alcohol. The reaction takes place as 
ollows: 


CH3COOH--C;HsOH = CH3COOC2H;+-H20 


Let a moles of acetic acid and 5 moles of ethyl alcohol are heated 
together in a sealed tube at 100°C so that the equilibrium is reached. 
Let x moles of ethyl acetate is formed at equilibrium. If V is the 
volume of the system then the various concentration terms at equili- 
brium are given by 


a—x b—x 
CcH,cooH —7— 7 > Camon -—p- 


e x 
Conmcoocg, =y and Cryo =; 
The'equilibrium constant is given by 


K=- CCH;COOC:H; - Caio 
Ccn,coon - Co,H,0H 


XS Y 
d SEES CE 
».[a—x M b—x 
(F y-) 
x2 


Y x (a—x)(b—x) 
We see that the expression for Ke does not contain any volume 
terms. Hence K, is not affected by the change of volume. 


In the deduction of K,, it is assumed that the various components 
are all present in dilute solution. If the solutions are concentrated, 
it is not advisable to use molar concentration. For concentrated 
solutions, better results are obtained by using (i) mole fractions and 
(ii) activities. 


Problem 10.8. Calculate the per cent of acid that is esterified when a mixture 
consisting initially of 1 mole of acetic acid, 1 mole of ethanol and 1 mole of water 
attains equilibrium at 100°C. (Ke at 100°C is 4.0). t 


Solution. The equilibrium is represented as 
CH;COOH-- CH,OH &CH,COOC;H, +H,O 


n y i the uber of moles of gis formed; the system at equilibrium then 
contains 1—y mole of acid, 1—y mole of alcohol, y mole of esti d 
of water. Since the equilibrium constant at 100°C is 4.0. ortum 


K.240—..20 D — 


0—»)1—») 
or y=0.54 


: 
: 
| 


| 
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The other value of y is impossible. Consequently 54 per cent of the acid is 
esterified. 

Dissociation of nitrogen tetraoxide into nitrogen dioxide 
in chloroform solution, This is another example of homogeneous 
equilibria in liquid phase. The equilibria at 82°C is represented as 
follows: 


Initial molar concentration T 0 
N204 = 2NO; 
— 2. 

Molar concentration at equilibrium ee T 


The equilibrium constant follows as; 
2x V 
CNo, ( =) 


pe Uo UR Qm: 
'N30, V 1 
4x? 
oF Ke ax) 


In this case, the expression for K, contains volume terms. Hence, 
K; is affected by change of volume. 
Problem 10.9. A solution is made up of 0.50 mole of N:O, in 450 ml of 


CRI calculate the concentration of NO, in the solution at equilibrium, 
at 8.2?C. 


Solution. Let y be the number of moles that have dissociated, „leaving 0.5—y. 
mole N,O, and forming 2y mole NO, in 450ml, i.e, 0.45 litre. The mean 
value of Ke is 1.08x 10-5, with concentrations in moles per litre; hence, 


C2. 
K;—1.08Xx10-5— dion 


N30, 
vu) 
os) _ 4y 
= 05y 0450.5) 
0.45 
or y=7.8 X10-* mole 
The concentration of NO, is 2y/0.45 
ie. 2XTSXIO™ 3.5 10-* mole per litre 


10.14. EQUILIBRIA IN HETEROGENEOUS SYSTEMS 


Heterogeneous reactions involve two: or more phases, one of which 
is a solid or liquid. The application of law of mass action to 
heterogeneous equilibria is based on: the fact that the activity of a 
pure solid or liquid is always taken as unity at all temperatures up 
to fairly high pressures. 
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Consider the dissociation of calcium carbonate which is an 
example of solid gas equilibria. When calcium carbonate is heated 
in closed vessel for some time, the following equilibrium is establi- 
shed: 


CaCO3(s)=CaO(s)+CO2(g) 
The thermodynamic equilibrium constant, Ka, for this reaction is 


a -a 
Kaas ACOR . . . (10.40) 
Ccaco, 
where the a's represent the activities. But so long as the pressure are 
not too high, the activities of two solids CaCO; and CaO are unity 
i.e., aCaCO, =4Cao=!, so that equation (10.40) becomes 


K,—aco, ... (1041) 


Again,ifitis assumed that gas involved behaves ideally, the 
activity is proportional to its partial pressure in the equilibrium 
state i.e., pco, and equation (10.41) becomes 


Kp—PCO, <.. (10.42) 


It follows, therefore, that when dealing with heterogeneous equili- 
bria, only the activities or pressures of the gaseous constituents are 
involved in writing the expression for the equilibrium constant and 
the presence of pure solid or liquid phases, irrespective of their 
amount, can be completely ignored. K,'s of heterogeneous reactions 
are generally called as condensed equilibrium constants. 4 


Other Examples of Heterogeneous Equilibria 
The dissociation of solid ammonium hydrosulphide NH,HS. 

Ammonium hydrosulphide dissociates on heating into ammonia and 
hydrogen sulphide as shown below: 

NH4HS(s) = NHs(g) + HoS(g) 
Applying the law of mass action and remembering that the activity 
of solid is unity, we get the expression for the condensed equilibrium 
constant Kp which is 

K»—PNH, : PH,S . . . (10.43) 
where PNH, and Py,s. are the partial pressures of ammonia and 
hydrogen sulphide respectively. This equation can be tested by add- 
ing one or other of the gases to the systems in equilibrium at constant 
volume and determining Kp. This was always found to be constant. 
_ The carbon disulphide equilibrium. This equilibrium which 
involves one solid and two gases is approached when gaseous 


sulphur is passed over solid carbon at high temperatures. The 
reaction takes place as follows: 


C(s)+S2(g) = CS2 (g) 
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The condensed equilibrium constant for this reaction is given by 


ic UPC 12. (10.44) 
Ps, f 
Dissociation of mercuric oxide. This takes place as follows: 
HgO(s) = Hg (7) + 402(g) 
We see that this equilibrium involves one solid, one liquid, and one 
\gaseous phase. The condensed equilibrium constant for this equili- 
brium is given by 


KPO, <.. (0045) 


10.15. VARIATION OF EQUILIBRIUM CONSTANT WITH 
TEMPERATURE 


Equilibrium constant of a reaction, although constant at a given 
temperature, varies appreciably with temperature. The effect of 
variation in temperature on equilibrium constant is qualitatively 
given by Le-Chatelier- Braun Principle. However, the exact relation- 
ship by which equilibrium constant for any type of reaction varies 
with temperature is readily deduced thermodynamically as follows: 


In the thermodynamic derivation of equilibrium constant, it was 
shown that 


or nR TAL .. . (10.46) 


Differentiating this equation with respect to temperature at cons- 
tant pressure, we get 


din Ka 1 F dAG IT) 
ar e Re ar d . «+ (10.47) 
But since, 
d(AG°/T AH* 
MOC) CAP. . =. (10.48) 
Therefore, equation (10.47) becomes 
dinKa AHB° : 
dT RT? -« . (10.49) 


: For gaseous reactions, in which the various gases involved behave 
ideally, the activity terms can be replaced by the corresponding 
partial pressures. K, is then replaced by Kp and equation (10.49) is 
written as 


d In Kp AH? 
dT ^ RT? 


«+. (10.50) 
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Consider the dissociation of calcium carbonate which is an 
example of solid gas equilibria. When calcium carbonate is heated 
in closed vessel for some time, the following equilibrium is establi- 
shed: 


CaCOs(s)&CaO(s)--COx() 
The thermodynamic equilibrium constant, Ka, for this reaction is 


a : eh 
(quiu ESS a . «+ (10.40) 
Ccaco, 
where the a's represent the activities. But so long as the pressure are 
not too high, the activities of two solids CaCO; and CaO are unity 
ie., àCacOo, =4cao=!, 50 that equation (10.40) becomes 


K5—aco, . . . (10.41) 


Again, if itis assumed that gas involved behaves ideally, the 
activity is proportional to its partial pressure in the equilibrium 
state i.e., pco, and equation (10.41) becomes 


K»—Pco, ... (10.42) 


It follows, therefore, that when dealing with heterogeneous equili- 
bria, only the activities or pressures of the gaseous constituents are 
involved in writing the expression for the equilibrium constant and 
the presence of pure solid or liquid phases, irrespective of their 
amount, can be completely ignored. Kj's of heterogeneous reactions 
are generally called as condensed equilibrium constants. A 


Other Examples of Heterogeneous Equilibria 

The dissociation of solid ammonium hydrosulphide NH;HS. 
Ammonium hydrosulphide dissociates on heating into ammonia and 
hydrogen sulphide as shown below: 

NH4HS(s) = NHs(g) + H2S(g) 

Applying the law of mass action and remembering that the activity 
of solid is unity, we get the expression for the condensed equilibrium 
constant Kp which is 


K>=Pnu, - PHS . . . (10.43) 
where pyp, and pg,s are the partial pressures of ammonia and 
hydrogen sulphide respectively. This equation can be tested by add- 
ing one or other of the gases to the systems in equilibrium at constant 
volume and determining K,. This was always found to be constant. 

_ The carbon disulphide equilibrium. This equilibrium which 
involves one solid and two gases is approached when gaseous 


sulphur is passed over solid carbon at high temperatures. The 
reaction takes place as follows: 


C(s)+S2(g) = CS2 (g) 
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The condensed equilibrium constant for this reaction is given by 


Kets 12. (10.44) 
Ps, ; 


Dissociation of mercuric oxide. This takes place as follows: 


HgO(s) = Hg (/) + 30x(g) 
We see that this equilibrium involves one solid, one liquid, and one 
|gaseous phase. The condensed equilibrium constant for this equili- 
brium is given by 


BEP, ... (10.45) 


10.15. VARIATION OF EQUILIBRIUM CONSTANT WITH 
TEMPERATURE 


Equilibrium constant of a reaction, although constant at a given 
temperature, varies appreciably with temperature. The effect of 
variation in temperature on equilibrium constant is qualitatively 
given by Le-Chatelier-Braun Principle. However, the exact relation- 
ship by which equilibrium constant for any type of reaction varies 
with temperature is readily deduced thermodynamically as follows: 

In the thermodynamic derivation of equilibrium constant, it was 
shown that j 


AG°=—RT In Ka 


i NS 
or In K,— RT . . . (10.46) 


Differentiating this equation with respect to temperature at cons- 
tant pressure, we get 


d In Ka 1 F (AGT) 
MT 4—R Xem) . +. (10.47) 
But since, 
d(AG°/T) AH* 
KATH. AT. . +. (10.48) 
Therefore, equation (10.47) becomes 
d In K, AH? - 
Pte <=. (10:49) 


/ For gaseous reactions, in which the various gases involved behave 
ideally, the activity terms can be replaced by the corresponding 
partial pressures. Ka is then replaced by K, and equation (10.49) is 
written as 


-. . (10.50) 
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Equation (10.50) is known as the Van't Hoff equation and. defines 
the temperature coefficient of /n K, in terms of heat of reactions 


AH? and the temperature T. Assuming AH°to be constant over a 
small range of temperature, integration of equation (10.50) yeilds, 


In K= —— -+constant 


or logieky=— 5 2H -+ constant «s (10:51) 


The value of the constant can be determined for any reaction by 
substituting a known value of Kp at some given temperature. Equa- 


tion (10.51) shows that a plot of logioK, vs 4 should be straight 


EUR o 
line with a slope equal to n2 * When applied to various rever- 


sible reactions, it was found that plot was always a straight line. This 
indicates that AH? is constant for the reaction over the experi- 
mental temperature range. Consequently, it is possible to determine 

H^ by measuring the equilibrium constants over a temperature 
Tange as follows: 


AH*— —2.303 R x slope 


Equation (10.51) can also be integrated between the limits K p, at 
temperature 7» to Kp, at Ti as follows: 
K; 


a 2 
f d In K,— AT dT ... (10.52) 
En Pon 


The result is 


Kn AH? 5n] 
DE ARR lee TT 


Ko AH mn | 
Kp, ~ 2303 RL Tin 


From equation (10.53), it is possible to calculate Kp, at Tz if Kp, 


at Tı and AH? are given. Alternatively, if the equilibrium constants 
at two different temperatures are known, the heat of reaction can be 
determined. 


While deducing equation (10.51), or equation (10.53), it was 
assumed that AH? is constant. However, for exact calculations, Ag? 
should be expressed as a power series in 7. 


AH*—AHB" t A'T+ BT C'T - (10.54) 


where A’, B', C' etc. are determined by the heat capacities of the 
substances involved in the reaction. 


or log ++» (10.53) 
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Substituting this value of AH? in PH (10,54) we get 


d In K; H* A' € 
LE d +444 ag z T4 3.1. 10155) 
Integrating this A ur we get 
H°? T 
In Kj — A. 45 p TET LOT Li. Lui (059 


Equation (10.56) gives a complete expression for. the variation of 
the equilibrium constant with temperature. 

Variation of K, with temperature. Variation of K, with tem- 
perature is given by an equation anologous to equation (10.50) and 
is shown as 


din Ke NEM $ 
dT ~“ RTE s (10,97) 
where AZE” is the heat of reaction at constant volume. 

This equation can be treated in the same manner as was equation 
(10.57). Equations (10.50) and (10.57) will be identical only when 
An=0 (under this condition, AH°= AE? and Kj —K.). 

Problem 10.10. The equilibrium constant Kp for the reaction 

N,+3H,=2NH; 
is 1.64 10-4 at 400° C and 0.144X 107^ at 500°C. Calculate the mean heat of 
formation of 1 mole of ammonia from its elements in this temperature range. 

Solution. Let T, be 400°C i.e., 673K and 

Ta be 530°C i.e., 773K; then 
(Kp): is 1.64 107* 
and (Kp), is 0.14410-*. 
These values may be inserted into equation 
— dix! 1 
ls qoia) 

_ AH? cee BA) 

= 4.576 V TaT, 
To evaluate AH” in calories for the reaction, we have 

log 0.144 10-*—log 1.64» 107* 

—-AH*(173—673) 
- 4,576 (673X773) 
or X AH? —25140 cal. 


This is the heat of the reaction as written, in which two moles of NH; are 
formed; Ko en heat of formation of one mole of NH; is thus —12570 cal or 
- ca. . 


10.16. VARIATION OF EQUILIBRIUM CONSTANT 
WITH PRESSURE 


Both K, and K. do not vary with change of pressure for ideal gases. 
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(i) Kp is independent of pressure. 
o 
Since In Kj ———— 


Differentiating this expression with respect to total pressure P, at 
constant temperature, we get 
d In Kp ^ AAG’) =0 
dP dr RTL dP |r 
Since standard free energy change, AG°, of the reaction is in- 


dependent of pressure and is the function of temperature only, Kp 
Will be independent of pressure. 


(ii) K. is independent of pressure, 
We have the relationship 
i K,—KART)An - 
In K,—In K-+- An In RT 
or In Ke=In K,— An In RT ++. (10.59) 


Differentiating with respect to total pressure P, at constant tem- 
perature, we find 


d In Ke din K, dinRTY _ " 
(GF). =( ES 2 —An (Zo =0 ...(10.60) 


; Since both the terms on the right hand side of this equation are 
independent of Pressure at constant temperature, K; is also indepen- 
dent of pressure. s 


... (10.58) 


PROBLEMS 


1. What do you understand by a reversible chemical reaction?’ Give examples 
and point out conditions affecting the course of the action. 


2. Periodic analysis of a mixture at equilibria shows that the concentrations 
of reactants and products remain unchanged. Does this indicate that the chemi- 
cal reaction has ceased? Explain. 


3. Give the thermodynamic derivation of the equilibrium constant; state the. 


different units in which they are expressed. 


4. (à) Explain with the help of two examples the ‘Le-Chatelier-Braun 
Principle’. 3 

(b) Discuss the effect of temperature and pressure on the following reactions: 

G) N;-FO,22NO —43,200 cals. 

(ii) 280,-4-O4 «280, — 42,000 cals, 


5. Equilibrium constant of the reaction H,+I,¢2HI is 64 at a certain tem- 
perature. If 12 gm of hydrogen and 762 gm of iodine be kept in a sealed 
vessel at this temperature till the equilibrium is reached, what weight of HI will 
be present in the vessel? What effect will be observed On the weight of HI if 
the volume of the vessel were reduced to half? 

Ans. Weight of AI found=750 gm. 

6, For the reaction: 


d+f®g+h 
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Write the expressions for K, and Kp. What are the units for Ke (concentration: 
given in moles) and for Kp (pressure in atmosphere). 


If in the above reaction Pa=0.40 atm.; Pr=0.30 atm, Pg=0.20 atm, 


Pr=0.10 atm, calculate Kp. 
Ans. 0.17 


7. For the reaction: : 
2 C+De2E+Heat 
(a) Write the expression for the equilibrium constant. 
(b) If the equilibrium mixture is heated, which product (s) is (are) favoured? 
(c) What is the effect of increasing in pressure on the equilibrium mixture? 
(d) If 2.0 moles of C and D each are kept ina one litre flask and allowed to: 
attain equilibrium, what would be the concentration of E, if K=100? 
Ans. (d) 3.4 moles: 
8. For the reaction: 1 
N,0,#2NO,—1,400 cals. j 
calculate the percentage dissociation, The vapor density of the gas at 60°C: 
is 30.5. Discuss the effect of increase of temperature and pressure on, the above: 


reaction. 
Ans. 50.32 per cent 


9..(a) For the reaction: - 
Hag) Fig) * 2Hl ey ; 
the equilibrium constant is 46 at 490°C, If one mole of H, and I, were intro 
duced into a litre vessel and equ'librated at 490°C, what would be the concentra- 
tion of HI at equilibrium? 


1 Ans. [HI]- 1.54. 
(b) For the reaction: 
2a € c+d 
the equilibrium constant is 1.9X107?. At equilibrium, the concentrations ob- 
served were! 
[c] 21.2x 107? M 3 
[d]=3.8X107 M 
What was [a] at equilibrium? As OH sd god 


10. Calculate Kp for the reaction: 
$(,*2€0(5 #5019) T2€( 

At the temperature in question, 2 atm of CO are introduced into a vessel 
containing excess solid sulphur and a final equilibrium pressure of 1.03 atmfis: 
observed. 

Ans. 270 atm^* 

11. Write notes on the following: ` 

(a) Law of mass action. 

(b) The effect of inert gas on equilibrium. 

(c) Variation of equilibrium constant with temperature. 

(d) Properties of equilibrium constants Kc and Kp. 

. 12, Ferrous sulphate undergoes a thermal decomposition as follows: 
2FeSO«( e FeOs S0. g) + SOs(5) 

At 929K, tbe total gas pressure is 0.9 atm with both solids present. 

(a) Calculate Kp for this temperature. 


(b) Calculate the equilibrium—total pressure that will be obtained if excess 
ferrous sulphate is placed in a flask at 929K, which contains an initial SO, 


pressure of 0.6 atm. 
Ans. 0.203 atm; 1.09 atm. 


Chapter 11 


PHASE EQUILIBRIA 


11.1. PHASE RULE | 


The phase rule is a generalization which seems to explain the 
equilibrium existing between the heterogeneous system and was theo- 
retically deduced by Willard Gibbs in 1876. Mathematically, it may 
be stated as 
F+P=C+2 
where F is the number of degrees of freedom, P is the number of 
phases and C is the number of components. This rule does not in- 
volve any assumptions as to the nature of matter and is valid pro- 
vided the equilibrium between any number of phases is affected only 
by temperature, pressure and concentration and not by any other 
force such as gravitational, electrical or magnetic. 
This rule, if properly applied, has no exceptions. 


11.2. DEFINITIONS OF VARIOUS TERMS INVOLVED IN 
- THE PHASE RULE 


Phase. A phase is defined as any homogeneous and physically distinct 
Part of a system which is separated from other parts of the system by 
definite boundary surfaces. 

Consider, for example, the system in which ice, liquid water and 
water vapor are existing together. Here, each form constitutes a 
separate phase and is separated from other forms by definite bound- 
ing surfaces. However, each crystalline form of ice constitutes a 
separate phase since it is clearly marked off from the other forms. 
In general, every solid in a system is invariably regarded as an in- 
dividual phase except in a solid solution (homogeneous) which will 
constitute a single phase no matter how many chemical compounds 
itmay contain. Thus, Mohr’s Salt, FeSO4(NH4)2S04.6H20 con- 
stitutes a single phase although it consists of FeSO4, (NH45SO; 
and H20. The same applies to a liquid solution. Iftwo or any 
number of liquids are completely miscible with each other and form 
one liquid layer, it will constitute only one phase. If the two liquids 
are immiscible and there are two layers, as. with benzene and water, 
there are two phases separated by a definite boundary. Similarly, 
-f there are three immiscible liquids, there will be three phases. A 
gaseous system always constitutes a single phase, no matter it 
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may consist of any number of gases because gases are always mis- 
cible and form homogeneous mixture. 


Component. The number of components of a system at. equilibrium 
is the smallest number of independently variable constituents by. 
means of which the composition of each phase can be expressed 
either directly or in the form of a chemical equation. 


Consider the water system which can have three phases: ice, liquid 
water and water vapor in equilibrium.. The composition of each of 
the three phases can be expressed in terms of the component H20, 
Hence, this is a one component system. It is true that molecular 
complexity of water is different in the three phases but the number 
of components is not affected. Similarly, sulphur system is also one 
component system although sulphur occurs in various different forms 
viz., rhombic sulphur, monoclinic sulphur, liquid and vapor sulphur 
(each form can be expressed in terms of only one component i.e., 
Sulphur). The same applies to acetic acid which consists entirely 
of double molecules in the solid state, to a great extent inthe 
liquid and partially in the vapor; the composition of each phase can 
however be expressed in terms of CH3COOH and this is the only 
component. 


Consider now the system represented by the equilibrium. 
CaCO:(s) — CaO(s)4- COx(g) 


In this system, there are three phases, viz. solid CaCOs, solid 
CaO and gaseous CO? and two components. These two compo- 
nents may be chosen as any two of the substances involved in the 
equilibrium. If CaO and COz are taken, then the compositions of 
various phases can be expressed as follows: : 

CaCO; : Ca0--CO; 
CaO :Ca0+0CO2 
CO; :0Ca0+COz 


The composition of the three phases could be expressed equally by 
taking CaCO; and CaO or CaCO; and CO» as the components, Thus 
we find that the smallest number of constituents by means of which 
the composition of each phase can be expressed is two and hence, 
this is a two-component system. 

In the same way, it can be shown that the dissociation of any 
carbonate, oxide or similar compounds involves two components; 
the same is true for salt hydrate equilibria e.g., 

CuSO45H20(;)— CuSO4.3HO»t( J-2H200) 
where the simplest components are evidently CuSO, and H20. 
Similarly for the equilibrium, 
2 Fe(s)--HoO(g)—FeO(s)-- H»(g) 
it can be shown that it consists of three components. 


Degrees of freedom or variance. The number of degrees of 
freedom or variance ofa system is the number of variable factors 
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such as temperature, pressure or concentration which must be speci- 
fied in order to define the system completely. 


Consider any system having one phase only, say gaseous phase 


of water. In order to define completely the state of the system, 
it is necessary to specify both temperature and pressure. The 
system, therefore, has two degrees of freedom or it is said to be 
bivariant, When two phases are in equilibrium, say ice and water, 
only temperature or pressure need be arbitrarily fixed to define the 
System completely. This system has one degree of freedom or it is 
univariant. If a system has three phases in equilibrium, such as in 
‘the water system in which ice, water and water vapor are together 
present at triple point, then there are no degrees of freedom. The 
reason for this lies in the fact that three phases can co-exist in 
-equilibrium only at a particular temperature and pressure which 
-Are thus automatically fixed. This type of system is said to be 
„invariant. 


11.3. DETERMINATION OF DEGREES OF FREEDOM 
WITHOUT THE HELP OF PHASE RULE 


‘Suppose we consider a gaseous system. It has one component and 
one phase. Applying phase rule, the number of degrees of freedom 
"for such a system is, 


F=C+2—P 
=]+2—1=2 


But the question is, how we derive F=2 in case of one component 
.and one phase without the help of Phase Rule? We know from 
experience that for every homogeneous phase, there is an equation 
-of state or phase equation which is given by 


f (P, T, C)=0 


where P=pressure, 7=temperature and C=concentration are three 
variables in all. In this equation, three variables are connected by 
one relation, Now if we subtract from the total possible variables, 
the number of equations of state by which these variables are con- 
nected, we get the remainder as the number of degrees of freedom. 
5 this case, there are three variables and one equation of state so 
that, 
F=3—1=2 


Let us now consider a system of one component and two phases 
eg., Water and water vapor in equilibrium with each other. By 
.applying the phase rule to the system, F=C+2~P=1+2—2=1. 
But how do we actually derive F=1? 


The approach in this case is almost similar. Here, since there are 
two phases, therefore, we have two different but unique equations 
-of states for vapor and for liquid. Thus for vapor, we have 


f, T; C)=0 
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and for water we have 
JP, T, Cj) -0 
where C; and C, stand for the concentrations of the components in 
the liquid and vapor phase respectively. 
For each of these two phases we have F—2. 

Butfor the whole system in which 
water and water vapors are in equili- - 
brium at a definite temperature and 
pressure we have got another equa- 
tion which is chemical potential 
‘equation. We know that when two 
phases are in equilibrium ata con- 
‘stant temperature and pressure, the ee 
chemical potential of a givencom- Fig. 11.1. Two-phase equilibria. 
ponent in the two phases is the same. Thus 


H'g,o (P, T, C)=p"y,0 (P, T, C). 


‘So there are four possible variables — P, T, C, and C, and three equa- 
tions of state j.e., 


F=4—3=1, 
For a system of one component and three phases e.g., water, vapor 
and ice in equilibrium, we have F=0. In this case, since there are 
three phases, therefore, three equations of state are possible, 


For ice phase I (P, T, C))=0 
For liquid (H20) phase f (P, T, C)=0 
and for vapor phase J (P, T, C,)=0 


where C;, C; and C, stand for 
the concentration of the compo- 
nent in solid, liquid. and vapor 
form respectively. 


When three phases coexist in 
equilibrium at a definite tem- 
perature and pressure, the chemi- 
Fig. 11.2. Three-phase equilibria. cal potential of a given com- 
ponent is same in each phase. 


Therefore, we have 
HH, o= Ho and pg, o—4"g. o 
Thus wesee that two independent chemical potential equations 
and three equations of state determine the equilibrium between the 


three phases. Since the total number of variables is five Ley. P, 
T Cis C; and Cy, 


therefore, F=5—5=0. 


For a system which consists of a homogeneous solution of sugar in 
water, we have an equation of state. 


fq P5 CH,o; Csugar) =0 
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where Cu,o and Csugar stand for the concentration of water and 
sugar respectively, and total number of possible variables—4. 
Therefore, F—4—1-—3. 


System having two Phases and two Components 
In this case, the phase equations are 
£P, T, Cr’, C/)—0 


and f'(P, T, Cx", C7)—0 
where Cr —concentration of component 1 in phase 1. 
and C2'=concentration of component 2 in phase 1. 


Ci" —concentration of component 1 in phase 2. 
C;'—concentration of component 2 in phase 2. _ 
Also, chemical potential equation for the Ist component in the two 
phases is, 
pi (P, T, Cy’, Cz)— n (P, T, Ci”, C2"). 
Similarly, for the second component 
pa! (P, T, Cr’, C) pz" (P, T, Ci", Cy). 
Now since total number of possible variables 6 
and total number of equations=4, 
Hence F=6—4=2 


11.4. DEDUCTION OF PHASE RULE 


Consider a system of P phases and C' components. As we have 
already seen that for a one component system, there are as many 
concentration variables as the number of phases i.e., for each 
component, we have got P concentration variables and for C 
components, we have got CXP concentration variables. In addition 
to this, pressure and temperature are two external variables so that 
in all, total number of variables CP+2. 
Again, since for each phase we have got an equation of ‘state, 
therefore, for P phases, we have P phase equations. Also, since for 
. two phases, we have one chemical potential equation. Similarly for 
three phases, we have two chemical potential equations. For four 
phases, we have three chemical potential equations, and for P 
phases, we have (P—1) chemical potential equations. 
Since there are C components, therefore, we have C (P— 1) chemi- 
cal potential equations. 
Therefore, total number of equations P-LC(P—1) 
¥=Total number of variables—Total number of equations 
—CP-F2—[P--C(P—1)] 
=CP+2—P—CP+C 
or F+P=C+2 
This is the phase rule as was deduced by J.W. Gibbs. 


—— 
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It may be noted that if a particular component is absent from any 
phase, the number of concentration variables is reduced correspon- 
dingly. At the same time, there will be a similar decrease in the 
number of independent equations determined by the equality of 
chemical potential. The net effect will thus be to leave unchanged 
the number of degree of freedom. 

Suppose, one component is excluded from certain phases. Then 
the number of possible variables is [CP4-2— 1]. 

Again, since the system consists of P. phases, there will be P phase 
equations and also in order that phases coexist, the chemical poten- 
tial of each component is the same in all the phases so that if one 
component is excluded from the phases, then [C (P—1)—1] will be 
chemical potential equations. i 

F—[CP+2—1]—[P+C(P—1)—1] 
=CP+2—1—P—CP+C+1 
=C+2—P. 

Limitations of phase rule. The phase rule gives us a very 
limited information. It only gives the number of degrees of freedom, 
but does not tell us that by how much _and in what direction the 
system moves to achieve the new set of equilibrium. Suppose, we 
have any system e.g., ice, liquid and vapor. in equilibrium. If we 
change the temperature, the pressure will also change in order to 
have new set of equilibrium. But phase rule does not tell us that by 
how much, the pressure will change and in what direction system be 
moving. 


11.5. APPLICATIONS OF THE PHASE RULE 


One Component System 
In one component system, C—1. 
Therefore, from Phase Rule, 
F=1—P+2 
F-3—P Mean ult) 

Since the minimum number of phases which can be possible for 
any system is one, therefore, it follows from equation (11.1) that 
maximum value of degree of freedom for a one component System is 
two as given by 

F=3—1=2 

So, in order to define one component system, two variables must 
be specified. The two variables chosen are temperature and pressure. 
For a one component system, the concentration variable is not taken 
into account because the composition is always same. 

If two phases coexist in equilibrium with each other, then from 
equation (11.1), F—1 i.e., the system is monovariant and one of the 
two variables is sufficient to define the system completely, 

On the other hand, when three phases are in equilibrium with each ` 
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other, then F=0, i.e., it is not necessary to specify any variable and 
the system is non-variant (or invariant). 


Thus the maximum number of phases which can coexist in equili- 
brium in one component system is three. 


These facts, predicted by the phase rule, can be represented 
graphically by considering temperature—pressure diagram. 


Water System 

„Water can exist in three possible forms, namely ice (solid), water 
(liquid) and water vapor. These three forms can lead to the following 
equilibria: 


Two-phase equilibria Three-phase equilibria. 
solid— liquid 
solid—vapor solid—liquid—vapor. 


liquid—vapor 
When phase rule is applied to these possible equilibria, three 
bivariant single-phase areas, three monovariant two-phase equili- 
brium lines, and one invariant three-phase equilibrium point are 
anticipated. 
PL pupibrium diagram for the water system is shown in the 
ig. 11.3. 


Fig. 11.3. Phase diagram for water system. 


The diagram consists of three curves OA, OB, and OC represent- 
ingthe equilibrium conditions between two phases and expressing 
the fact that along the curves, the system is bivariant. These curves 
divide the diagram into three areas—AOB, BOC and AOC which are 
respectively the fields of the existance of vapor, liquid and solid. 
Within the single phase areas, the system is bivariant. O represents 
the point where the three curves are meeting. At this point, three 
phases coexist in equilibrium and system is invariant. 


pq y N 
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The study of the equilibrium diagram involves the discussion of 
the curves, areas and points. This is done as follows: 


The Study of the Curves 


(i) Curve OA. This part separates the solid region from the vapor 
region and is known as the vapor pressure curve or the sublimation 
curve of ice, because it gives the vapor pressure of solid ice in equili- 
brium with water vapor at different temperatures, The curve starts 
from O, the freezing point of water and extends up to absolute zero. 
Ascan be seen from the diagram, there is one and only one tem- 
perature corresponding to any pressure and vice versa at which the 
two phases are in equilibrium. 


Hence, the degree of freedom is one and the system is univariant 
as predicted by the phase rule, 


FeC-P42 
=1—2+2=1 


(ii) Curve OB, This curve separates the liquid region from vapor 
region and is known as the vapor pressure curve or vapora lon 
curve of liquid water because it gives the vapor pressure of water in 
equilibrium with vapors at different temperatures, This curve starts 
from O and extends up to critical temperature (the temperature above 
which the liquid does not exist). This critical temperature is 374°C 
and the pressure corresponding to this temperature is 220 atm. It can 
be clearly seen that corresponding to any particular temperature, 
there is one and only one pressure and vice versa at which the two 
phases are in equilibrium. Hence the degree of freedom is one. 


(iii) Curve OC, This curve separates the solid region from the 
p region and is called the freezing point curve, or fusion curve 
of ice because it tells how the freezing temperature of water or 
melting temperature of ice varies with pressure in such a way that 
the two phases are in equilibrium. This curve again starts from O 
and extends up to very high values of pressure, The degree of free- 
dom of this curve is one because there is one and only one 
pressure corresponding to any temperature and vice versa at which 
solid and liquid phases will coexist in equilibrium. 


As can be seen from the diagram, this curve ei towards the 
pressure axis. This indicates that the melting point of ice is lowered 
by increase of pressure or ice melts with decrease of volume. This 
is in accordance with Le-Chatelier principle. 


Metastable curve OO’. If the liquid water is carefully super- 
cooled below point O, the curve OO' is obtained which is just a 
continuous extension of curve BO (Supercooling means the cooling 
of liquid below the freezing point without the separation of solid). 
The phases along OO' are water and vapor which are in metastable 
equilibrium. Hence the curve is shown by dotted lines, The super- 
cooled liquid is unstable at these temperatures with respect to ice. 
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So, as soon as the equilibrium is disturbed by adding a small piece 
of ice, supercooled liquid will be immediately converted into ice. 
It should also be noted that the curve OO’ lies above OA which 
means that the metastable vapor pressure of the supercooled water 
is higher than the vapor pressure of ice. The degree of freedom 
along this metastable curve is also one. 


The areas. The diagram is divided into three areas, AOC, AOB 
and BOC, bounded by the lines and show the regions of ice, vapor 
and liquid water respectively. Within these single phase areas, the 
system is bivariant. This means that in order to define completely a 
point within any ofthe areas, it is necessary to specify both tem- 
perature and pressure. This also follows from the phase rule as 
shown below: 


F=C—P+2 
=1=142=2 


The point O. We see from the diagram that the three curves 
OA, OB and OC are intersecting each other at the only point O. 
This is known as the triple point and is obviously the point at which 
the three phases ice, water, and vapor co-exist in equilibrium. The 
temperature and pressure corresponding to this equilibrium are 
0.0075°C and 4.58 mm respectively. It should be noted that three 
phases can co-exist in equilibrium only under one set of conditions 
and neither temperature nor pressure can be changed. If any of 
the two variables is altered even slightly, the equilibrium is shifted 
and three phases will not exist together. Hence, the system corres- 
ponding to this point is invariant and there is no degree of freedom. 
This is in accordance with the phase rule. 


Since P--3, =1—3+42=0 
The salient features of water system are given in Table 11.1. 


TABLE 11.1 
Salient features of water system 
Curve/Areal] Name Phases equili- Degrees of 
Point brium freedom 

Curve OA Vapor pressure curve or solid e vapor 1 

the sublimation curve of ice 
Curve OB Vapor curve of liquid liquid e vapor 1 

water 

Curve OC Fusion curve solid = liquid 1 
Curve OO’ Metastable vaporisation liquid œ vapor 1 

curve of liquid water 
Area AOC — solid 2 
Area AOB — - vapor 2 
Area BOC — liquid 2 
Point O Triple point Solid æ liquid € vapor 0 


—————— 
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Effect of changè of the variables (Pressure and Tempera- 
ture on the system). In order to understand the manner in which 
equilibrium changes in the system with a change in the variables, 
consider the following example. Suppose we want to know the be- 
haviour of the system on heating ice at a constant pressure of 1 
atmosphere and a certain temperature below 71, represented by the 
point D in Fig. 11.3 up to temperature 73, represented by the point 
G. When the temperature is raised slowly at constant pressure, the 
system moves along the line DE. When it reaches E, the ice begins to 
melt and temperature remains constant till fusion is complete. 
During fusion the system is bivariant because it will have two 
phases, solid and liquid, in equilibrium with each other. When the 
whole of the ice is melted, further rise in temperature will make 
the system move along the line EF in the liquid region. Between 
Eand F, the only change isan increase in the temperature of the 
liquid. As soon as the point F is reached, vaporisation sets in and 
temperature will remain constant till vaporisation is complete. 


-50 0 50 100 
Temperature °C —»  / 


Fig. 11.4. Water system at high pressures. 


When the liquid has been completely changed to vapor, then the 
system will move along FG with further rise in temperature in the 
vapor region. Addition of heat will merely increase the temperature 
of the vapor until the point G is obtained. 


In the same manner, we can show how the equilibrium changes in 
the system with a change in pressure at-a constant temperature or 
with a change in both temperature and pressure. 
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If water is studied under very high pressures, a number of different 
forms of ice besides the ordinary form are observed. The various 
forms differ from the ordinary form in density, crystal structure and 
other physical properties. 


The equilibrium diagram of the system under the conditions of 
high pressure is as shown in Fig. 11.4. Ice I is ordinary ice, ices Il, 
TII, V, VI, VII are the different forms which are stable at very high 
pressures. Ice IV is the unstable form. There are six triple points 
as shown in the diagram. It is interesting to note that at very high 
pressures, melting ice is quite hot. It melts at about 100°C under a 
pressure of 25,000 atm. The melting point can be raised even up to 
190°C if the pressure of 40,000 atm. is achieved. 


The Sulphur System 


Sulphur exists in two crystalline forms, namely, rhombic (Sg) and ° 
monoclinic sulphur (S). At ordinary temperatures and under one 
atmospheric pressure, rhombic sulphur is stable. When heated 

. slowly, it changes into solid monoclinic sulphur at 95.6°C. Above 
95.69C, monoclinic sulphur is stable until temperature 119°C is 
reached which is the melting point of monoclinic sulphur. If mono- 
clinic sulphur is cooled, then at 95.6°C, it is changed into rhombic 
sulphur. Thus at 95.6°C, the two crystalline forms of sulphur are in 
equilibrium with each other. But, if the temperature is changed, 
transformation of one form into the other form takes place depend- 
ing on the direction in which the temperature is changed. Hence 
95.6°C is the transition temperature of sulphur. 

4 95.6°C 

Rhombic sulphur = Monoclinic sulphur. 

In addition to these two solid forms, there are two other forms of 
sulphur—namely liquid sulphur (Sz) and vapor sulphur (Sy). Thus, 
the total number of phases for the sulphur system is four and the 
following equilibria can be predicted. 


Two-Phase Equilibria Three-Phase Equilibria 


1. Sr—Sy l. Sa—Si—Sy 
2. Sag—Sr 2. Sr—Su—Syv 
3. Sr—Su 3. Sr—Sm—Sz 
4. Su—Sv 4. Su—SL—Sv 
5. Sw—S, 
6. S,—Sv j 
Four-Phase Equilibria 
Sa—Su—Sr—Sv 


When phase rule is applied to four-phase equilibria we find F=—1, 
which is not possible. So, for a one component system, it is [not 
possible to have four phases existing together in equilibrium. But, 
it is possible to have three or any less number of phases together 


X 4 
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because then the conditions are similar to those holding for the 
water system. 


The schematic equilibrium (or phase) diagram for sulphur system 
is shown in Fig. 11.5. 


The diagram consists of 
six curves (42, BC, CD, 
BF, CF and FG), four areas 
(ABCD, DCFG, ABFG and (151°C, 1290 atm.) 
BCF) and three points / 
(B, C and F). Rhombic Sulphur 


(i) Curve AB is the sub- (solid) 


limation curve of rhombic 
sulphur and gives the vapor 
pressure of rhombic sulphur 
at various temperatures. 
The two phases which are 
in equilibrium along AB 
are rhombic sulphur and 
the vapor sulphur and the 
system is monovariant. i 

(ii) Curve BC is the sub- 956°C 114°C 119C 
limation curve of mono- Temperature °C ——5 


clinic sulphur and gives the afre s 

Fig. 11.5. Phase equilibrium diagram 
vapor pressure of mono- for the sulphur TTA s 
clinic sulphur at various 
temperatures. The two phase monovarient equilibrium along BC 
is Sue Sy. 


(iii) Curve CD is the vapor pressure curve of liquid sulphur and 
gives the vapor pressure of liquid sulphur at different temperatures. 
This curve is'stable upto to the boiling point of sulphur 444.6°C. 
The two phases in equilibrium along the curve are liquid and vapor 
sulphur and the system is. monovariant. 


(iv) Curve BF shows the effect of pressure on the transition 
point and is known as the transition curve. The two phases in 
equilibrium along this curve are rhombic sulphur and monoclinic 
sulphur and the system is monovariant. 


(v) Curve CF represents the variation of the melting point of 
monoclinic sulphur with pressure and is known as the fusion curve 
of the menoclinic sulphur. The monovariant equilibrium along CF 
is Sues. 


It should be noted from the diagram that both the curves BF and 
CF slope away from the vertical to the right so that the transition 
point and melting point of monoclinic sulphur increase with increas- 
ing pressure. It follows from Le-Chatelier principle that transition 
of rhombic sulphur into monoclinic sulphur is accompanied by an 
increase of volume. Similarly, the conversion of monoclinic sulphur 
into liquid form is also accompanied by a slight increase of volume. 


Monoclinic 


Pressure ——» 
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However, since the transition of rhombic sulphur into monoclinic 
sulphur is accompanied by a larger increase of volume than the 
melting of monoclinic sulphur, therefore, the slope of the curve BF is 
much larger than that of CF and the two curves meet at the point F. 


(vi) Curve FG is known as the melting point or fusion curve of 
rhombic sulphur and shows the variation of melting point of rhombic 
sulphur with pressure. The two phases in equilibrium along FG are 
rhombic sulphur and liquid sulphur and the System is monovariant. 
Areas (ABCD, ABFG, UCFG and BCF) 


In the diagram there are four areas ABCD, ABFG, DCFG, and 
BCF which are the fields of existence of vapor sulphur, rhombic 
. sulphur, liquid sulphur and monoclinic. sulphur respectively and are 
clearly separated from each other by distinct bounding lines. Each 
form of sulphur is stable only within the specified area. Thus in the 
area BCF, bounded by the lines BC, CF and BF, we find that mono- 
clinic sulphur can exist in stable condition but outside this area it 
cannot exist stably. 


Within these single phase areas, the system is bivariant since 
F=1—1+2=2. Hence in order to define completely a point in any 
of the areas, it is necessary to specify both the variables. 


The various triple points are 


Point B. This point represents the transition temperature (95.6°C) 
at which rhombic sulphur is transformed into monoclinic sulphur. 
The three phases co-existing in equilibrium at this point are rhombic 
sulphur, monoclinic sulphur and vapor sulphur, 


Point C. This point represents the melting point (119°C) of 
monoclinic sulphur. The two curves which are intersecting at this 
point are BC-and CD. Thus the three phases which are in equili- 
brium with each other at this point are monoclinic sulphur, liquid 
sulphur and vapor sulphur. 


Point F. This point (Temperature=151°C and Pressure= 1290 
atm), is obtained by the intersection of the curves BF and CF and 
corresponds to the equilibrium 


Srhombtc=Smonoclinice*Stiguid 


Since all the triple points represent the exstence of the three phases 
in equilibrium with each other, therefore 


F=1—3+42=0 


i.e., corresponding to each point, the system is invariant and no 
variable can be altered without disturbing the, equilibrium. 


Metastable equilibria. Besides the stable equilibria discussed 
above, there are number of metastable equilibria represented by the 
dotted lines. If rhombic sulphur is heated rapidly (superheated), it 
will pass above the transition point B, along BE without change 
and finally melt to liquid sulphur at point E (Temperature=114°C), : 


ee eT Ts UT 


T 
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Thus this curve, BE which is a continuous extension of AB, repre- 

sents the monovariant metastable equilibria 
Sr=Sy 

Similarly, the line CE which is obtained by supercooling liquid 
sulphur along the extension of DC to E represents the monovariant, 
metastable equilibrium between liquid sulphur and vapor sulphur. 
Since the two metastable curves BE and CE are intersecting each 
Other at E, this represents the metastable invariant triple point 
Stiombie— Stiquia — Svapor 

The curve EF is the metastable rhombic melting point curve and 
shows the variation of melting point of metastable rhombic sulphur 
with pressure. This curve is an extension of the stable GF line into 
the metastable range and the two phases which are in metastable 
equilibria with each other along this curve are rhombic sulphur and 
liquid. (Table 11.2). 


TABLE 11,2 
Salient features of sulphur system 
^. Curve/ Area] Phases in Degree of 
No. Point Name equilibrium freedom 
A. Stable Equilibria 2 
1 Curve AB Sublimation curve of rhombic SrSyp 1 
sulphur 
2 Curve BC Sublimation curve of mono- Su=Sy 1 
clinic sulphur 
3 Curve CD — .Vaporisation curve of liquid SL Sv 1 
sulphur 3 
4 Curve BF Transition curve SRSM .1 
5 Curve CF . Fusion curve of ‘monoclinic Su=Si 1 
sulphur 
6 Curve FG Fusion curve of rhombic SgeSr 1 
sulphur as 4 
7 Area ABCD = Sy 2 
8 Area ABFG — Sr 2 
9 Area DCFG — Sr 2 
10 Area BCF — SM 2 
11 Point B Triple point . SgERSMSSy 0 
12 Point C Triple point SMSL Sy 0 
13 Point F Triple point Sg 38M SL 0 
B. Metastable Equilibria 
1 Curve BE Metastable sublimation Sg Sy 1 
curve of rhombic sulphur 
2 Curve CE Metastable vaporisation SpeSy 1 
curve of liquid sulphur 
3 Curve CF Metastable fusion curve Sr=Si 1 


of rhombic sulphur f 
4 Point E Metastable triple point . SgeSpesy 0 
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Other one component systems. Of the various other one com- 
ponent systems, some important examples are: the systems phos- 
phorus, carbon, carbon dioxide, benzophenone, helium, etc. These 
systems can be discussed in the same manner as the water and sul- 
phur systems. One interesting and unique feature of the helium 
System is that helium exists in two different liquid phases—liquid 
helium I and liquid helium II and there is no solid-liquid-vapor 
triple point. 


11.6. TWO-COMPONENT SYSTEMS 


For a two-component system, C—2 and the phase rule equation 
can be written as 
F=C—P+2 
=2—P+2=4—P S SH.2) 
Since the minimum number of phases for any system is one, there- 


fore from equation (1), it follows that the maximum number of 
degrees of freedom in a two-component system is 


F—4—1—3 


This means that in order to define a two-component system comple- 
tely, all the three variables—pressure, temperature and concentration 
must be specified. In order to represent these relations graphically, 
we require a three dimensional diagram in which three co-ordinate 
axes representing pressure, temperature and concentration are at 
right angles to each other. This will lead to a space model which is 
difficult to construct on paper. In order to remove this difficulty, 
the common practice is to fix one of the three independent variables 
Le. one of the three variables is kept constant. It is then possible 
to draw a two dimensional plot of any two of the three variables 
which will graphically represent the conditions of equilibrium for a 
two-component system. 


The various equilibria which can be possible for a two-component 
system are: (i) solid-liquid equilibria; (ii) solid-gas equilibria, 
(iii) liquid-liquid equilibria, and (iv) liquid-gas equilibria. 

We shall be limiting ourselves to the study of only solid-liquid 
equilibria having no gas phase. Such systems having no gas phase 
are known as condensed systems. Since the effect of pressure is small 
on this type of equilibria, therefore, experiments are usually conduc- 
ted under atmospheric pressure, thus keeping the pressure constant. 
This -will reduce the degree of freedom of the system by one, and 
for such system, the phase-rule ‘becomes 


F=C—P+1 pee1.3) 


Thisis known as the reduced Phase rule having two variables, 
namely temperature and concentration of one of the constituents. 
Therefore solid-liquid equilibria are represented on temperature- 
composition diagrams. A ` 
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Determination of Equilibrium Conditions between Solid and 
Liquid Phases by Thermal Analysis 


The shape of the freezing point curves for any system, especially 
those involving metals, can be determined experimentally by thermal 
analysis. This method involves a study of the cooling curves of , 
various compositions of a system during solidification. From such 
curves, it is possible to obtain the freezing point of the mixture and. 
the eutectic temperature for the system and to detect the tempera- 
tures at which various transformations and transitions occur. 


In order to understand the experimental steps involved in this 
procedure, the interpretation of the curves and the plotting of the 
final diagram, consider a system AB. A series of mixtures of 
known amounts of the two constituents, ranging in overall composi- 
tion from 100 per cent A to 100 per cent B, are prepared, and each. 
mixture is heated to a high temperature until it melts to a homo- 
geneous liquid. It is then allowed to cool steadily and the tem- 
perature and time readings are taken until the mixture is completely 
solidified. Finally, the cooling curves are obtained by plotting the 
temperatures against time. The curves obtained for various com- 
positions are shown schematically in Fig. 11.6. 


2 


e 9 p 
5 a e ; 
$ T Freezing point sf Freezing point 5 
ae B A $ 
$ Te 1 a n i a 
[: , Eutectic $ „/ Eutectic E 
hays e t, Lad 
Time —> Time — 
1 
8 
? $ ? e i 
2 
ef Freezing point £ l 3 | ts 
= E] 4 b 
$ T $t & 
£ i Eutectic E t 
Pot pe à Èk Ld 
Time -> Tim —> . Time > 


Fig. 11.6. Cooling curves. 


In curve (1), the homogeneous liquid cools along the curve ab; 
at b, solid. A commences to separate from the mixture. The separa- 
tion of solid A is accompanied by the evolution of heat, equal in 
amount but opposite in sign to the heat of fusion. Consequently, 
the rate of cooling slows and a break in the curve appears at b. 
The ‘temperature fı is a point on the liquidus curve for this com- 
position. The cooling continues from bi to c at a slower rate than 
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before; atc the eutectic point is attained when the temperature 
remains constant, along cd, until solidification is complete at d. 
The horizontal portion cd indicates the coexistence of three phases 
and is called the eutectic halt. When no more liquid is left, cooling 
of the solid proceeds quickly along the curve df. Curve (2)is for a 
liquid somewhat richer in B; the interpretation is the same and 12 is 
the point on the liquidus curve. If the liquid mixture coincides 
exactly with the composition atthe eutectic point, the region bc 
will not exist, the cooling curve will then show a break only when 
the eutectic temperature is reached. This isillustrated in curve 3). 

' Similarly, fourth, fifth and sixth curves represent cooling curves for 
compositions on the B—rich side of the eutectic point. f4, fs and ts 
are the corresponding points on the liquidus curve. 


To construct the equilibrium diagram from the cooling curves, the 
temperatures 1, f2, f3, t4, ts and fg are taken off the cooling curves 
for the various overall compositions and are plotted on a tempera- 
ture-composition diagram. In order to complete the diagram, it is 
necessary to know the freezing points (or melting points) of pure 
A and B respectively. These temperatures, t4 and tp, are determined 
by means of cooling curves, for the pure liquid will solidify at a 
constant temperature. Smooth curves are then drawn through all 
the freezing and eutectic temperatures to yield the diagram shown 
in Fig. 11.7. : 
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~“ Fig. 11.7. Equilibrium diagram for the system A—B, 


In the equilibrium diagram, the two curves are intersecting at the 
point C which represents the eutectic composition. 


Classification of Two-Component Solid-liquid Equilibria 


Two-component solid-liquid equilibria can be classified into three 
categories depending on the miscibility of the liquid phases. These 
categories are further subdivided depending on the nature of the 
solid phases crystallizing from the solution. 
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Category one. The two components are completely miscible with 
one another in the liquid state. 

Type I. On solidification, only an intimate mixture of the pure 
components (known as Eutectic) is obtained. 

Type II. The two components form a compound with incongruent 
melting point. 

Type III. The two components form a compound with incongru- ` 
ent melting point. 

Category two. The two components are partially miscible with one 
another in the liquid state. 

Type I. Only an intimate mixture of the pure components crystal- 
lises out on solidification. 

Category three. The two components are completely immiscible in 
the liquid state. 
' Type I. Only an intimate mixture of the pure components crystal- 
lises out on solidification. 

In this Chapter, we shall consider only Category one. 


Type I. Formation of Simple Eutectic (general diagram) . 
Let us consider a general case of two-component condensed 
systems belonging to type I. It consists of two components 4 and B 
which are completely miscible in the liquid state and their solutions 
yield only pure A or pure B as solid phases. The temperature— 
composition curve of such a system is shown in Fig. 11.8. 


In the figure, the 
points A and B are 
the melting points 

[s 


Liquid melt 
(Unsaturated solution) 


Solid B 


(or freezing points) 
-*- solution 


of pure A and pure B 
respectively. Addition 
of increasing quan- 'Soli ons SSAC 
tities of B to A lowers 7 
the freezing point of 
A along AC. Simi- € 
larly when increasing 
quantities of A are 
added to B, the 100%A D 100%B 
freezing point of Bis 0%B Composition —»^ 0% 
lowered along BC. 

Fig. 11.8. Simple eutectic system. 


The curve AC is known as the freezing point curve of the com- 
ponent A and represents the composition of the solutions saturated 
with solid A at temperatures between A and AC. Thus we see 
that the two phases in equilibrium along this curve are solid A and 
solution of Bin A. Similarly, the curve BC is known as the freezing 
point curve of the component B and represents the composition of 
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the solution saturated with solid B at temperatures between B and 
BC. Along this curve, solid B is in equilibrium with solution of 4 
in B. 

These two curves represent the two-phase equilibria which are 
univarient as can be seen by applying reduced phase rule equation. 


F=C—P+1=2—2+1=1 (Since measurements are: being made at 
atmospheric pressure). 


These two curves intersect at the point C where both solids A and 
Bare in equilibrium with the liquid phase. Since there are three 
phases in equilibrium at this point, it is invarient in character. This 
can be easily followed from the reduced phase rule equation 


F=C—P+1=2—3+1=0. 


Thus at this point, the temperature and composition of the solution 
must remain constant as long as three phases co-exist in equilibrium. 
If any of the two variables is changed, at least one of the phases 
will disappear. Moreover, as can be seen from the diagram, the 
point C is the lowest temperature at which any liquid mixture can 
exist. Below this point, the system is completely solidified. Point 
C is known as the Eutectic Point. Temperature corresponding to 
this point is known as the Eutectic Temperature and the composition 
corresponding to this point is known as the Eutectic Composition. 


The area above the lines AC and BC isthe field of existence of 
unsaturated solution or liquid melt. In this area, the two compo- 
nents are present asa homogeneous liquid solution. Thus there is 
only one phase and the system is bivariant. In order to define any 
pointinthisarea, both the temperature and composition must be 
specified. 


With the help of equilibrium diagram, it is possible at predict the 
behaviour of any system upon heating or cooling. Consider a 
mixture of overall composition 4. At this point, the system is entirely 
liquid. As the system cools, nothing beyond a drop of temperature 
of the liquid occurs until point i on the freezing point curve BC is 
reached. At this point, solid B begins to separate and the saturated 
solution becomes richer in solid B. With further cooling, B keeps 
on separating out and the liquid composition moves along the curve 
iC. In order to find out the composition at any temperature f, 
where solid Bis in equilibrium with saturated solution of composi- 
tion z we make use of lever rule according to which the ratio 
D is the relative amount of solid B to liquid mixture. As cooling 
continues till the eutectic temperature is reached, point k is 
obtained. At this point, solid 4 begins to separate in addition to B. 
The temperature now, remains constant until all the liquid solidifies. 
On complete solidification, further decrease in temperature will 
‘cause the decrease in temperature of the mixed solids along the line 
kl. If the process is done in reverse, that is solid Zis heated until it 
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liquefies completely about i, the changes described above take place 
exactly in the reverse order. 


(The constant composition line hijk/ is known as isopleth.) 


In the same manner, we can explain the behaviour of the system 
on the left hand side of the figure. ; 


Let us now consider a special case in which the composition of the 
liquid C' is exactly same as that ofthe eutectic (Point C). In this 
case, nothing beyond a drop of temperature of the liquid occurs 
until the eutectic temperature is reached at C. Atthis temperature, 
both the solids A and B will begin to separate simultaneously, and 
the romperature will remain constant until whole ofthe liquid is 
solidified. 


Microscopic examination of the eutectic mixture has revealed the 
fact that it consists of fine crystals of A and 8. Hence an eutectic is 
a mixture and nota compound. On the left hand side of the line 
CD, there are relatively large crystals of 4 and an intimate mixture 
of finer crystals of A and B which crystallise in definite composition 
corresponding to point C. The larger crystals are called primary 
crystals. Similarly on the right hand side, we have solid B as primary 
crystals, 


Solidus and liquidus curves. A liquidus curve isthe tempera- 
ture composition curve of the liquid phase and gives the composition 
of the solid in equilibrium with the liquid phase. It is, therefore, the 
freezing point curve. It corresponds to the beginning of freezing. In 
the phase diagram, the liquidus curves are AC and BC. 


Thesolidus curve which indicates the composition of the solid 
phase is the temperature-composition curve of the solid mixture. 
It corresponds to end of freezing on cooling or beginning of melting 
on heating thesystem. Inthe phase diagram, the solidus curves 
‘comprise the horizontal line ECF and vertical lines EA and FB. 


The most important example of this type of system is the Lead- 
Silver System. The equilibrium diagram is exactly same as the general 
diagram and is as shown in Fig. 11.9. ' 


Point A (327°C) represents the melting point of lead. The addition 
of silver lowers the freezing point of lead along AC. Hence AC is 
the freezing point curve of lead. The two phases in equilibrium 
along AC are solid lead and solution of silver in lead. 


Point B (961°C) represents the melting point of silver. The addi- 
tion of lead lowers the freezing point of silver along BC. Hence 
BC is the freezing point curve of silver. The two phases in equili- : 
‘brium along BC are solid silver and solution of lead in silver. As 
the two curves represent the two phase equilibria, they are 
univariant. 

The two curves intersect at the eutectic point C. Here, both 
solids (silver and lead) are in equilibrium with each other. As there 
are three phases in equilibrium at the eutectic point, it is univariant. 
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Eutectic temperature is 303°C and eutectic composition is 2.6 per 


cent of silver and 97.4 per cent of lead. 


Liquid melt 


g Liquid + 
e Solid silver 
2 
5 
& 
t F 
© 
e Primary silver 
tic D 3-Eutectic 


100%Pb 2.6% A9 700% Ag 
-0%Ag Composition —» 0%Pb 


Fig. 11.9. Lead-silver system. 


Pattinson’s process of desilverisation of lead. It is based on 
the equilibrium diagram of lead-silver system. We know that 
argentiferrous lead contains very small amount of silver (0:1 per 
cent of silver). In order to enrich this ore with silver, it is heated to 
a high temperature in order to get the liquid melt. It is then allowed 
to cool. The temperature of the melt will fall along xy. At y, separa- 
tion of lead begins to take Place. If cooling is continued further, 
the equilibrium will shift along yC. Solid lead will keep on separat- 
ing and the resulting solution becomes richer and richer in silver 
until point C is reached and the composition of silver rises to 2.6 
percent. Solid lead is removed by ladels. Thus we see that the 
original argentiferrous lead which contained 0.1: per cent of silver 
now contains 2.6 per cent of the metal. Some other examples of two- 
component systems with simple eutectic are given below in Table 
11,3. 


TABLE 11.3 
A Melting B * Melting Eutectic 
point point temperature 
Lead 327°C Antimony 630°C 246°C 
Bismuth A 268°C Cadmium . 313°C 146°C 
Aluminium 657°C Silicon 1412°C . 578°C 
Silver chloride 451°C Potassium 790°C ` 306°C 
chloride. 


Methyl chloride - —63.5°C Benzene 5.4°C -19c 
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Other simple eutectic systems involving salt and water, 
The phase diagram of systems involving salt and water are almost 
similar to the phase diagram of simple eutectic systems involving two 
metals or two salts. The only fundamental difference is that with salt- 
water system, the melting point of the salt in the equilibrium diagram 
cannot be realised. This is due to the fact that the melting point of 
the salt is generally much higher than the critical temperature of the 
water in the solution. 


The equilibrium diagram for potassium iodide-water system is 
shown in Fig. 11.10. 
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Fig. 11.10. Potassium iodide-water system, 


As can be seen, there is much resemblance between this diagram 
and the general diagram of binary systems forming eutectic although 
the melting point of potassium iodide, at the extreme right, is not 
attained due to the reason explained above. 


Point A is the melting point of ice (or freezing point of water). As 
increasing quantity of potassium iodide is added, the freezing point 
of water gets lowered and the curve AC is realised. This curye is 
known as the freezing point curve of water (or fusion curve of ice). 
Along AC, ice separates from potassium iodide solution and the 
system is monovariant. . 

Similarly, BC is the monovariant solubility curve of potassium 
iodide. Along this curve, solid K/ is in equilibrium with the solution. 
The steep rise of the curve shows that this solubility of potassium 
iodide increases slowly with the temperature. 

The two curves are intersecting at the point C(—23'C). At this: 
point, there are three phases: ice, potassium iodide and solution, in: 
equilibrium with each other. Hence itis the non-variant eutectic 
point or cryohydric point of the system. It gives the lowest tempera- 
ture at which an aqueous solution of potassium iodide can exist at 
atmospheric pressure. Allsolutions on cooling will ultimately show 


274 A TEXTBOOK OF PHYSICAL CHEMISTRY 


a halt in temperature at this point until the liquid phase has solidi- 
fied. Similarly, a solid mixture of the same composition as the 
eutectic mixture, on heating melts sharply at this point. The salt- 
water mixture deposits at this point was therefore considered to be 
a definite compound (salt hydrate) at one time. This was given the 
name cryohydrate. . 

" However, on closer examination, it was found that the physical 
properties, such as heat of solution and density of the eutectic solid, 
are equal to the mean values of the two components. The heteroge- 
neous structure of the solid eutectic was also observed under a 
microscope. This suggests, therefore, that the solid separating at 
this eutectic point is a mixture and not the so called compound. 


Freezing mixtures, The fact that the addition of salt to ice 
results in considerable lowering of temperature can be readily 
explained by considering equilibrium diagram of the type as in the 
potassium iodide-water system. 

Suppose some salt such as potassium iodide is added to ice in 
contact with small amount of water at 0°C. When some salt dissolves 
in water, the number of phases will become three, viz., salt, ice 
and solution in equilibrium with each other. But as we have seen 
abovethat three phases can exist in equilibrium only at eutectic 
temperature (point C) which is much below the melting point of 
ice, hence more ice will melt, salt will dissolve in water and the 
composition will shift along AC. As the melting point of ice and 
dissolution of salt involves the absorption of heat, therefore, tem- 
‘perature of the system will fall (if there is no external source of heat) 
‘along AC. This will go on till the eutectic temperature is reached 
iprovided salt is added as fast as it dissolves. Similarly, eutectic tem- 
perature can be attained by adding ice to the system salt-solution, 
(curve BC). Eutectic temperature is the lowest temperature that can 
be attained for any system and is different for different systems. 


Type lI. Formation of Compound with Congruent Melting 
Point F 


A compound is said to possess congruent melting point if it melts 
sharply at a. constant temperature into liquid having the same com- 
position as that of the solid. 

Let us consider a general case in which the two substances 4 and 
Bforma stable solid compound AB having a congruent melting 
point. The phase diagram for this type of system is as shown in 
Fig. 11.11. 

The diagram may be thought of as being composed of two simple 
eutectic diagrams—one for A—AB and the other for AB— B, joined 

, at the position of the arrows as shown in the figure. Each position 
-can now be discussed in the same manner as was done for type I. 

In the composite diagram, there are two eutectics, one of AB—A 

—Liquid (Point C) and the other of 48—B-— Liquid (Point E). 
"The maximum (Point D) in the diagram is the melting point of the 
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compound AB. This is called as the congruent melting point of the 
compound because the solid and liquid phases of the compound at 
this point have the same composition. It should be noted that at the 
temperature corresponding to D, the two component system becomes 


paul D Liquid 
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Solid A’ 
+ Liquid Compound 


ture 


Solid A + 
Compound AB 


Tempera 


Solid B+ 5 
D Compound AB 


100*4 A Molar composition 100%B 


Fig. 11.11, Formation of compound with congruent melting point, 


a one component system because both the solid and liquid phases 
contain the same compound AB. Therefore, it is a non-variant point 
as can be seen from the phase rule. 


F=1—2+1=0 


The point D, therefore, represents a definite temperature just as 
the melting points of pure components A and B. Generally, it has 
been observed that the melting point of the compound lies above the 
melting points of the two components, A and B. However, it is not - 
so always. There are number of examples known in which the 
melting point of the compound lies. below or between the melting 
points of the two single components. Jt should also be borne out in 
mind that in: such cases, on cooling a melt of any composition 
between the two eutectic compositions, the first solid to be deposited 
is always the compound. * 


Some examples of two-component systems in which solid com: 
pounds are formed are given in Table 11.4. 


TABLE 11.4 
A Melting B Melting Compound MP, 
point Point a 
Aluminium 657:C .. Magnesium 650°C AlsMgy 463 
Calcium . 717°C Potassium 790°C CaCl,-KCl 754 
chloride chloride 
Gold. 1064°C Tin 232°C Au-Sn 425° 
Zinc 420°C Magnesium 650C .— Mg-Zn, 590 
Diphenylamine  52.8°C | Benzophenone  47.7*C AB 4.02 
Aluminium 657°C. Selenium 217°C AlsSe. ins 


Gold 1064?C Tellurium 450°C AuTe, — 
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The Iron-Corbon System 
The iron-carbon system is the backbone of ferrous metallurgy. The 


part of the phase diagram which is of importance extends from pure 
iron to the compound iron-carbide, or cementite, Fe3C. 


Pure iron exists in two different modifications. The stable crys- 
talline form up to 910°C is called «-iron. At 910°C it undergoes transi- 
tion to y-iron which has a different crystal structure. Again at 1401°C, 
the y-iron changes to a form called 3-iron. The phase diagram is 
shown in Fig. 11.12. 
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Fig. 11.12. Iron-Carbon System. 


The curve gq’ shows how the transformation temperature of « to Y 
ferrite is lowered by the intersitial solution of carbon in the iron. 
` The region labelled -ferrite represents the range of solid solutions of 
carbon in g-iron. The region y represents solid solutions of Cin y 
iron. These are given a special name austenite. The decrease in the 
transition temperature « — y is terminated at g^ where the curve 
intersects the Solid solubility curve rq’ of carbon in y iron. A point 
such as q which has the properties of a eutectic but occurs ina 
completely solid region is called a eutectoid. The two phases formed 
by the eutectoid decomposition of austenite are « ferrite and cemen- 
tite. These phases lead to the formation of a structure called pearlite. 
In case the composition is close to the eutectoid, the steel is composed 
entirely of pearlite. However, if the composition is richer in 
carbon or hypereutectoid, it may contain other grains of cementite 


dati n to oa. ci t 
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in addition to those occurring in pearlite. If the hypereutectoid steel 
is cooled slowly, it may contain additional grains of ferrite. The first 
stage in the formation seems to be nucleation of a crystallite of 
cementite. It can be seen from the phase diagram that any composi- 
tion in, below 2 per cent carbon can be heated until a homogeneous 
solid solution is obtained. On cooling the segregation of two phases 
occurs. Cementite is a hard brittle material and its occurrence in the 
pearlitic steels is responsible for their high strength. The rate of 
cooling is also responsible for different mechanical properties. Com- 
positions above 2 per cent in carbon belong to the general class of 
cast iron. 

Hydrate formation. There are also some instances known in 
which more than one compound is formed between the two subs- 
tances. For such cases, a maximum is obtained for each compound 
and the equilibrium diagram will have a curve analogus to CDE for 
each compound. These types of cases generally include salts and 
water which can form several hydrates. A well known example of 
this type is the ferric chloride-water system. 


Fe,CI, 4H,O 
+ K 
M. Fe,Clp5H,O solution fe,Cl, 
solution + solution 


80 Fe,Cly7H,0 


> + 
peace ies solution, 


Temperature ^C 


—100 


Water 5 10 15 Y, 20 30 


Mole /, Fe,Cle—> 


Fig. 11.13. Ferric chloride-water system. 


In this system, four stable compounds (hydrates) with ‘congruent 
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melting points have been observed. These are: 
(i) Do-decahydrate = —Fe2Cl¢.12H20 


(ii) Hepta-hydrate . —FezCls.7H20 
(iii) Penta-hydrate —Fe2Cl¢.5H20 
(iv) Tetra-hydrate —Fe2Cl6.4H20 


(Double molecules of ferric chloride are taken to avoid fractional 
number of molecules of water in the case of hepta and penta- 
hydrate.) 


The phase diagram shown in Fig. 11.13 can be split in the five 
simple eutectic diagrams. 


Inthe diagram, the maximum (points C, E, G, I) represent the 
congruent melting points of the various hydrates of Fe;Cls and the 
minimum (points B, D, F, H, J) represent eutectic points. 


peut Formation of Compound with Incongruent Melting 
oint 


_ In many systems, the compounds formed as a result of combina- 
tion oftwo compounds are not stable upto melting point. These 
compounds on heating decompose completely at a temperature 
below the melting point to yield a new solid phase and a solution of 
the solid with a composition different from that ofthe solid phases. 
Such compounds are said to have incongruent melting point or 
peritectic point and the temperature at which the dissociation takes 
place is known as the transition, metritectic or peritectic temperature. 
The reaction is known as the peritectic reaction or a phase reaction 
and is represented as 


x = X; -- Solution 
(Compound) (New solid phase) ^ 


(New solid phase can be a compound or the pure constituent). Let 


Liquid 


Temperaturé ——- 


Solid A + 
Compound AB; 


100%A Molar composition 100%B 


Fig. 11.14. Formation of compound with incongruent melting point. 
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us consider a general case in which the two components A and B 
combine to form a compound AB,, having incongruent melting 
point. The phase diagram for this type of behaviour is as shown in 
Fig. 11.14. 


Points A and B represent the melting points of the pure components 
A and B. AC is the fusion curve of A obtained by adding increasing 
quantities of B. Along this curve, solid A is in equilibrium with the 
liquid. At C, in addition to solid A, separation of a new solid phase 
AB also begins to take place. Point C, therefore, is the eutectic 
point of the system. The three phases which are in equilibrium at this 
point are solid A, solid AB and solution. With further addition of 
B, the curve CD is traced out. This is known as the fusion curve 
of ABa. Along this curve, solid AZ» is in equilibrium with the liquid 
phase. At D, the compound 4B; dissociates completely into solid 
B and a solution of composition D as given below: j 


AB; = B + Solution 
(Compound) (New solid) 


Point D, therefore, represents the peritectic point and is invariant. 
It should be noted that the peritectic temperature is below the hypo- 
thetical congruent melting point D' (obtained by extension of curve 
CD). 


Similarly BD is the fusion curve of B obtained by adding increas- 
ing quantities of A. Along, this curve, solid B is in equilibrium with 
the liquid. At D, transition of solid B in to solid 45» takes place 
at a constant temperature until whole of the solid B is consumed. 


If we cool a liquid of composition /, nothing beyond a fall in tem- 
perature of the liquid will take place until point m on the. curve BD 
is reached. At m, separation of solid B begins to take place and the 
equilibrium will shift along mD. At D; solid B is completely replaced. 
by the solid. compound 475. | 


Examples.of binary system in which peritectic reactions have been 
Observed are given below: 


Benzene—picric acid (1: 1), gold—antimony (Au Sb2), potassium 
chloride—cupric chloride (2KCl CuCl), aluminium-calcium (Alz 
Ca, congruent; Al, Ca, incongruent), calcium fluoride-calcium 
chloride (CaF2 : CaClz), magnesium-nickel salt (Mg2 Ni, congruent; 
Mg Ni; incongruent) etc. Amongst the salt hydrates we can mention: 
sodium chloride—water (NaCl. 2H20) and sodium sulphate—water 
(Na2SO4. 10H20). 


Sodium Chloride-Water System 


Sodium chloride with water forms only one hydrate, viz., NaCl. 
2H20 having incongruent melting point. The phase diagram for this 
system is shown in Fig. 11.15. 


= 


Unsaturated 
solution - 


solution 


$-—— 
Ice + NaCI.2H;0 


` Temperature 6C ——» 
b 
ia 


10 20 30 
Percent NaCl —» 
Fig.11.15. Sodium chloride water 


NaCl 2H,O 
+ solution 
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Point A represents the 
freezing point of water. As 
more of sodium chloride is 
added, the freezing point of 
water gets lowered and the 
curve AB is traced out. This 
curve is known as the freezing 
point curve of water. Along 
this curve the two phases in 
equilibrium are ice and solu- 
tionand the system is uni- 
variant At the point B 
(Temperature —21?C and 
Composition 23% NaCl), in 
addition to ice, dihydrate of 


system. sodium chloride also starts 

separating out. It is eutectic 

or cryohydric point of the system. As there are three phases (ice, 

NaCl.2H20 and solution) in equilibrium at this point, it is invariant 
as follows from the condensed phase rule equation. 


F=C—P+1 
=2—3+1=0. 


"With further addition of sodium chloride and heating, ice dis- 
appears and curve BC is traced out. Along this curve, solid dihydrate 
is in equilibrium with the solution. This is known as the solubility 
curve of dihydrate and is univariant. . 

_ This curve extends to the point C (0.15°C) where dihydrate decom- 
poses into the new solid (anhydrous sodium chloride) according to 
the equation. 


NaCl,2H,0=NaCl-+ Solution 


The point C, therefore, represents the incongruent melting point 
of the system and is invariant. When whole of the dihydrate has 
decomposed according to the peritectic reaction shown above, the 
curve CD is traced out. This is the solubility curve of anhydrous 
sodium chloride and is univariant because along this curve, anhydrous 
sodium chloride is in equilibrium with the solution. 


Sodium Sulphate-Water System 


The sodium sulphate—water system forms two incongruent melting 
compounds, viz. 
(i) Decahydrate—Na;SO4. 10H20 and 
; (ii) Heptahydrate—Na2SO4.7H20 (metastable) 
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Sodium sulphate can also. 
exist in two enantiotropic 
crystalline forms, namely 
rhombic and monoclinic. 
The phase diagram for this 
‘system is*as shown in Fig. 
11.16. 

Point A represents the 
freezing point of water. As 
increasing quantities of 
‘sodium sulphate are added, 
the freezing point of water 
is lowered and the curve AB 
is traced out. The curve AB 
is known as the fusion curve 
of ice and is univariant. 
Along this, ice is in equili- — 
brium with the solution of Composition 
sodium sulphate. At the (% Na;SO4) 
point B(—1.3:C) a new 
solid phase—decahydrate of Fig. 11.16. Sodium sulphate-water system. 
sodium sulphate—also begins 
to separate out. This is the eutectic or cryohydric point of this system 
and is invariant. The three phases in equilibrium at this point are 
ice, Na2SO4.10H20 and solution. 


With further addition of sodium sulphate and heating, ice dis- 
appears and the curve BC is traced out. Along this curve, solid 
Na2SO4.10H20 is in equilibrium with the solution and is thus regard- 
ed as the solubility curve of the decahydrate. 


At this point C (32.4°C), the decahydrate decomposes info the 
anhydrous salt (rhombic Na2SQ4) and solution according to the 
equation. ; J 
Na2S04 10H20 = Na2SO4 + Solution 
(Rhombic) 5 

This is the incongruent melting point or transition point of the 
decahydrate and the condensed system is invariant. 

When whole of the decahydrate has been decomposed into an- 
hydrous rhombic sodium sulphate, the curve CDE is traced out 
with continued heating. This curve gives the composition of solution 
in equilibrium with anhydrous rhombic sodium sulphate and hence 
isits solubility curve. The nature of the curve indicates that with 
increasing temperature, solubility first decreases, passes through a 
minimum (point D, temperature 125*C) and then begins to increase 
up to E. : 

At the point E (234°C), transformation of rhombic sodium sul- 
phate into the monoclinic form takes place At this point, there are 
two solid phases (rhombic Na2SO,4 and monoclinic Na2S04) in equili- 
brium with the solution and the system is invariant. 
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EF is the solubility curve of monoclinic sodium sulphate and 
gives the composition of solution in equilibrium with monoclinic 
sodium sulphate. As can be seen from the diagram, this curve slopes 
towards the temperature axis. This indicates that the solubility of 
monoclinic sodium sulphate decreases with increasing temperature. 
This curve extends up to the point F (365°C) which is thé critical 
solution temperature. 


Metastable Equilibrium 


_ In the diagram, the solubility curve BC of the decahydrate has. 
been shown extended beyond the transition temperature up to C’. 
This indicates that decahydrate can exist even beyond transition 
temperature without changing into anhydrous sodium sulphate. 
Decahydrate exists as a metastable phase along CC’. This curve is 
thus known as the metastable solubility curve of the decahydrate. It 
is evident from the diagram that the solubility of the metastable 
decahydrate is greater than the solubility of anhydrous rhombic salt 
above 32.4°C, This is in accordance with the general rule that the 
solubility of metastable form is always more than that of the stable 
form at the same temperature. : 


The solubility curve EDC of the anhydrous rhombic sodium sul- 
phate can also be extended up to H without the separation of decahy- 
drate at the point C by cooling quickly the saturated solution of 
anhydrous rhombic sulphate from above the transition temperature. 
CH is, therefore, the metastable Solubility curve of the anhydrous 
rhombic sodium sulphate. 


In the same manner, the fusion curve AB of ice can be extended 
up to G, without the deposition of the decahydrate at the point B. 
BG is thus the metastable solubility curve of ice. At the point G 
(—3.75°C), hepta-hydrate Na2SO4.7H20 separates and it represents 
the metastable eutectic point. Under these circumstances, the 
metastable solubility curve GH of the heptahydrate can be realised. 
Point H (24.2°C) represents the metastable transition point at which 
the heptahydrate decomposes into anhydrous salt. 


It should be remembered that heptahydrate is always metastable 

“with respect to the decahydrate and can be formed only if the latter 

is totally absent, As soon as a small crystal of decahydrate is added, 
the concentration will fall from GH to BC. 


11.7. THREE-COMPONENT SYSTEMS 


According to phase rule, the degree of freedom in a system of three 
components is given by: : 


F=C—P+2 
F=3—P+2=5—P 
Since the minimum number of phases that can exist in any system 
is one, the maximum number of freedom is four. Hence in order to 
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completely define such a system, four variables are required namely, 
temperature, pressure and concentration of two of the three compo- 
nents. This will require a three dimensional diagram for a complete 
graphical representation of these systems which is not possible. For 
this reason, it is customary to represent ternary systems at constant _ 
temperature and at constant pressure. By fixing the temperature 
and pressure, the number of degrees of freedom is reduced by two, 
so that F=3—P and a system has, at most, a variance of two. When 
temperature and pressure are constant, the remaining variables are 
concentration variables X1, Y? and X3 of the three components. These 
concentration variables are related to each other by the equation 
X14- Xa-- X3— 1 and can be represented on a planner diagram. If we 
know any two of them, the value of third can be found. 


Graphical representation of ternary systems. Of the various 
methods for plotting two di- 
mensional equilibrium dia- 
grams for ternary systems, the 
method of Stokes and Rooze- 
boom is very popular and most 
generally employed. In this 
method, the variation in con- 
centrations of the three com- 
ponent mixtures at constant 
temperature and pressure are 
expressed by means of an 
equilateral triangle such as 
that shown in Fig. 11.17. 

Each apex of the triangle 
represents pure component 
i.e., 100 per cent of the com- Fig. 11.17. Graphical representation 
ponent with which it is desig- of ternary systems. 
nated. Each side is divided into 
10 equal parts and the lines parallel to BC, CA and AB are drawn. 
Each of the lines parallel to BC, CA and AB represent various 
percentages of 4, B and C respectively. Any point on any 
side of the triangle refers to a binary system and gives various 
proportions of constituents in a two-component system while any 
point within the triangle represents a ternary system and gives 
various proportions of any mixture composed of 4, B and C. Thus 
a point Y on the line AB represents a two-component systems. of 
20 per cent Aand 80 per cent B. Similarly, a point Y on the line 
AC represents a two-component system of 40 per cent A and 60 
per cent C. Any point Z within the triangle represents a ternary 
system 20 per cent C, 20 per cent B and 60 per cent A. Another 
important property of this diagram is: 

“Any point F on the line AE represents a mixture that will contain 
A and £ in the length ratios EF: AF by weight, if weight percentage 
` is plotted; or by moles, if mole percentage is plotted." 


Three-componentliquid systems showing partial misci- 
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bility. Systems composed of three liquids showing partial miscibility 
may belong to any one of the following three categories: 
Type 1: Formation of one pair of partially miscible liquids. 
Type IT; Formation of two pairs of partially miscible liquids. 
Type IT; Formation of three pairs of partially miscible liquids. 


Type I, Formation of One Pair of Partially Miscible Liquids 
Consider the behaviour of a three-component liquid system A-B-C 

in which the pairs A-B and A-C are completely miscible while the 
pair B-C is partially miscible in each other at a given temperature 
and pressure. On mixing relative amounts of B and C and thorough- 
_ly shaking together, two layers will be obtained, one composed of 
a solution of Cin B, the other of Bin C. Let the compositions of 
the two layers be represented by the points a and b respectively and 
the overall composition of 
the system by c. When a small 
amount of A is added to the 
two-layer mixture, it will dis- 
tribute itself between the two 
liquid layers and thereby in- 
crease the miscibility of B and 
C. The increase in miscibility 
brought about by adding 4 
depends upon the amount of A 
added and on the amounts of 
B and C present. When enough 
Ais added to the system, the 
composition of the two layers 
changes to a, and b, and the 


pein when e oe overall composition moves 


dashed line. C-rich layer grows in size while B rich layer diminishes, 
Finally, at point b4, only a trace of B-rich layer remains and there- 
after, only a single solution is. obtained. 

Since the tie-lines are not parallel, the point at which the com- 
Positions of the two layers become identical and the two solutions 
coalesce into a single liquid phase does not lie at the top of the 
curve drawn through the series of miscibility points but off to one 
side at the point D. Point D is known either as isothermal critical 
Point of the system or the plait Point and can be obtained only by 
adding A to a single mixture of B and C, with overall composition o. 
See Fig. 11.18. 


It follows from the above discussion that any mixture of A, B and 
C of overall compositions falling within the dome-shaped area will 
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yield two liquid layers of compositions given by the appropriate 
tie-line through the composition of the mixture. On the other hand, 
any mixtüre in the region outside the dome-shaped area will repre- 
sent a homogeneous solution of the three liquids, The curve aDb is 
frequently called a binodal curve. 

Examples. Systems such as acetic acid-chloroform-water and 
acetone-water-phenol belong to this category. 


Type II, Formation of Two Pairs of Partially Miscible 
Liquids 
Consider a system of three liquids A-B-C in which the pairs A-B 
and A-C are partially miscible, while the pair B-C is completely 
miscible. Such a system will exhibit two binodal curves as shown in 
Fig. 11.19 (a). 


j (b) 
Fig. 11.19, System with two partially miscible pairs. 


The binodal curve aDb represents the range of compositions in 
which mixtures of A and B containing C are partially miscible while 
the binodal curve cFd gives the range of compositions in which 
mixtures of A and C containing B are partially miscible. Any 
mixture of overall composition outside these curves will be com- 
pletely miscible. The two points D and Fare the respective plait 
points of the two heterogeneous systems. The tie-lines in the two 
curves show the compositions of the various layers in equilibrium. 

In certain cases, it has been observed that the two binodal curves 
in Fig. 11.19 (a) may intersect each other on lowering the tempe- 
rature. This will lead to the formation of the ‘band’ abcd across the 
two phase regions in the diagram as shown in Fig. 11.19 (b). ad and 
bc give the compositions of the two layers respectively and the 
indicated tie-lines join various solutions in equilibrium. 

Examples. System such as succinic nitrile-water-ethyl alcohol . 
between 18.5°C and 31°C belongs to type showing no band forma- 
tion while systems such as water-phenol-aniline and water-ethyl 
acetate-n-butyl alcohol show the formation of ‘band.’ 
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Type III. Formation of Three Pairs of Partially Miscible 
Liquids 
Consider a system in which all the three liquids are partially 
miscible. Such a system will exhibit three binodal curves as shown 
in Fig. 11.20 (a). 


Fig. 11.20. Liquid systems with three Partially miscible pairs, 


Here again the dome-shaped areas represent the regions of two- 
phase liquid while any point outside these areas represents the 
existence of only a single phase. 
me 


“ At a lower temperature, the three binodal curves intersect and the 
diagram takes on the appearance of Fig. 11.20 (b). In this diagram, 
a mixture having a composition in any area designated as I will 
represent a single phase region. On the other hand, areas marked 2 
and 3 represent two-phase region and three-phase region respectively. 
‘According to phase rule, when the three phases are in. equilibrium 
at constant temperature and pressure, the degree of freedom is. zero, 
This means that the compositions of the three layers must be fixed 
and independent of the overall composition in the area marked 3. 
Points X, Y and Z represent constant: compositions for the three 
liquid layers in equilibrium 
Examples. System such as succinic nitrile-water-ether exhibits 
the behaviour corresponding to Fig. 11.20 (a) at higher temperature 
while at lower temperature, exhibits the behaviour corresponding to 
Fig. 11.20 (b). 


Systems Composed of Two Solids and a Liquid 


Systems composed of two solids and a liquid may belong to any 
one of the following five categories depending on the behaviour of 
the solid phases: ^ 


Type I. Crystallization of pure components only. 
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Type II. Formation of binary compounds. 

Type III. Formation of ternary compounds. 

Type IV. Formation of complete series of solid solutions. 

Type V. Partial miscibility of solid phases. 

In all these types, water will be taken as the liquid because water 
has by far been regarded the most important crystallization medium. 


Type I. Crystallization of pure components only. The 
isothermal. equilibrium. diagram for a system composed of water and 
two solid components B and C and where the crystallization of pure 
components occurs is shown in Fig. 11.21. 


H20 


Unsaturated 
solution 


D 
B + Saturated L/, 


"M 
f 
/ 
i 
/ 
/ 


/ 1 
D 
i 


Fig.11.21. Two salts and water system in whichjthe crystallization 
of pure components occur, ? 


In this diagram, point D represents the saturated solution of B in 
water in the absence of C. Points between B and D represent 
various amounts of solid B in equilibrium with saturated solution 
D. Points between D and H,O represent the unsaturated solution of 
B. Similarly point E represents the saturated solution of C in water 
in the absence of B. Points between C and Erepresent various 
amounts of solid C in equilibrium with the saturated solution E and 
points between E and H0 represent the unsaturated solution of C.. 
When C is added to the solution saturated with B, the solubility of 
the latter changes along the line DF. Similarly, addition of B 
to the solution saturated with C changes the solubility of the latter 
alongtheline EF. Theline DF is, therefore, the saturation solu- 
bility curve of B in water containing C, while EF is the correspond- 
ing solubility curve of C in water containing B. At F, the point 
where the two. solubility curves intersect, the solution becomes 
saturated with respect to both Band C. At this point, since three 
phases are in equilibrium, the degree of freedom is. zero. Hence F is 
called the isothermal invariant point. The tie-lines in the diagram 
connect the concentrations of the saturated solutions with the solid 
phase in equilibrium with them, 
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The manner in which such a diagram is used for crystallization is 
illustrated as follows: 


On evaporating isothermally an unsaturated solution represented 
by P, the system moves along the line PYYZ which is drawn through 
apex H20 and the point P. At Y, B begins to crystallize and the 
composition of the solution changes along the line YF. At point Y, 
the composition of the solution is F and C also begins to crystallize. 
If the process of evaporation is continued, both B and C keep on 
depositing until the point Z is reached where the solution disappears 
completely. 


This type of behaviour is exhibited by the systems containing two- 
salts witha common ion and water such as NH4CI— (NH4),S0,— 
H:O, NH4CI - NH4NO;— H20 and NaCI—NaNO;—H»0, etc. 


The Method of Wet Residues 


Experimental methods employed for the determination of equili- 
brium diagrams: .of three-component systems containing solid and 
liquid phases are simpler than those employed for two-component 
systems. In the method under discussion, mixtures of various pro- 
portions of the solid components with water are prepared and 
agitated in a thermostat ata temperature slightly higher than that 
at which the system is to be studied. The solution is then allowed 
to attain equilibrium at the experimental temperatu:e. The liquid 
phase is then separated from the wet crystals, and both are weighed 
and analyzed for two of the components. In this way, the composi- 
tions for saturated solution and the wet residue are obtained. The 
results for a number of solutions are then plotted on a triangular 
diagram in the usual manner. 


Figure 11.22 shows a series of points obtained in this manner. 

H20 ` In the diagram, Si, S», etc., re- 
present compositions of the satu- 
rated solutions while R1; R2 etc., 
represent compositions of the 


order to ascertain the nature of 
thesolid phases in equilibrium 
with the various’ solutions and 
present in the residue, we 
employ a ‘graphical scheme 
known as the Svhreinemakers 
method of wet residues. Accord- 
ing to this scheme, various tie 
lines drawn through any corres- 
ponding pair of Rand S points 

Fig. 11.22. The method of wet must intersect, on extension 

residues past R, at a common point 
which is the composition of the solid present. It follows from this 
reasoning that in this system, B is the solid phase for all solutions 


corresponding wet residues. In: 


iie Mert sip 
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between D and Fand C is the solid phase for those between F and 
E. Some tie lines drawn in such a manner cut the side BC at various 
points H, Z, J, K and L. This means that the saturated solution 
represented by Fis in equilibrium) with various proportions of B 
and C. 


Type II. Formation of binary compounds. When the two . 
salts react to form a compound, a double salt of the general formula 
BxCy, the equilibrium diagram is: 

In this diagram, point D represents the composition of. the salt 
and line FG represents the compositions of solutions saturated with 
this compound. At point H20 
F, the solution is saturated 
with B and D, while at 
point G, the solution is . Unsaturcosdi 
saturated with C and D. ; 

Points F and G are known 
as  isothermal invariant 


points. E H 

In order to determine B+ t i PERSI 
the stability of the double Solution q 
saltin presence of water, s 
.we locate the position of ; 
the Point D along BC. If B - $ [od 
point D lies in between 7 

XA B+D+ c+0+ 

and J, the salt is said to be Saione solution 


congruently saturating as 
it is possible to prepare " 

saturated SOLUTION OF no Fig. 11.23. Formation of double dus 

by adding water to it, This is indicated by the line drawn through 
the apex H20 and joining point D. On the other hand, if the point 
D lies either on the left of 7 or right of J, the salt formed is said to 
be incongruently saturating as in this case it will not be possible to 
Prepare a saturated solution of the salt by adding water to it, see 
Fig. 11.23. 

The system NH4NOs—AgNOs—H5;O0 shows the formation of 
the congruently saturating double salt NH4NOs.AgNO; at 30°C 
while the system KNO;3—AgNO3;—H20 forms incongruently satura- 
ting double salt KNO3.AgNO; at the same temperature. 


If one of the salts, say B, forms a hydrate, then the system will. 
have the appearance of phase diagram shown in Fig. 11.24; 


In this diagram, point D represents the composition of the hydrate 
formed by B, point E represents the solubility of hydrate in pure: 
water at the given temperature, while line EF represents the solu- 
bility of the hyárate in solutions containing C. Similarly, line GF: 
rcpresents the solubility of C in solutions containing hydrate. With- 
inarea DEF, the hydrate D exists in equilibrium with saturated 
solutions given by the line EFwhile the area CFG contains C in. 
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equilibrium with saturated solutions along the line GF. At F, the 
isothermal invariant Point, the solution becomes saturated with 


#20 


C + Saturated 


D + Saturated RON 


solution 
X 


Fig. 11.24, Formation of a hydrate. 


Tespectto both D and C. Within the area DFC, solids D and C 
coexist in equilibrium with. saturated solution whereas the area 
BDC consists exclusively of the three solids D, B and C. 


The system Na4S0,— NaCI—H»0 at 15°C gives the phase diagram 
shown above. The hydrate Na,SO4.10H:0 is formed. 


Under certain conditions, usually at a higher temperature, the 
anhydrous salt may make its appearance along with the hydrate of. 
the salt. The phase diagram, then, will have the appearance of 
Fig. 11.25. 


Inthis diagram, EFisthe saturation curve for the hydrate, FG 

. forthe anhydrous salt Band GH for C. Fand G represent two 

invarient points. The various components present in any region 
are indicated in the diagram. 


H20 


Unsaturated 
solution 


D+ Saturated 
solution — 
C +Saturated 
Solution 
D+ B+ 
Solution 


Solution G 


Fig. 11.25. Formation of hydrate and pure components, 


m—-——————S —— ————————— 
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The system Na;SO,—NaCI—H»O at 25°C exhibits this type of 
behaviour in which both Na2SO4.10H20 and Na,SOs appear as 
saturating phases, 


A system in which both solid components form a hydrate, will 
have the phase diagram shown in Fig. 11.26. 


O+E+ 


5 F E 
D + Saturated E 
solution ——À 


Fig. 11.26. Formation of two hydrates. 


Here, points D and E represent the compositions of the hydrates 
formed by B and C respectively. G is the isothermal invariant point. 
Within area CDE, solids D, E and C exist together while in the 
area BDC, solids D, B and C exist together. 


MgCl, —CaCb —H50 at 0°C is an example of such type of system 
in which the hydrates MgCl,.6H,O and CaCl,.6H20 are formed. 


Type Ill. Formation of ternary compounds. In some cases, 
ternary compounds involving all the three components are formed. 
The equilibrium diagram for such a system is shown in Fig. 11.27. 


H20 


D-t Solution Unsaturated solution 


B+Solution id 


Fig. 11.27. Formation of ternary compounds. 


In this diagram, point E represents the composition of binary 
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compound (hydrate of C) and point D represents the composition 
ofternary compound formed by B, Eand water. G and H are two 
isothermal invarient points. Various phases present in different 
regions are indicated in the diagrams. 


In this type, the ternary compound is of incongruently saturating 
type as it is decomposed when water is added. The system CaCl;— 
MgCh—H20 at 25°C isan example ofthis type which shows the 
formation of incongruently saturating ternary compound CaCl. 
MgCl,12H;0. On the other hand, alums such as X804. Y(SO4)s. 
24H20 where X—Univalent metal and Y—trivalent metal, belong to 
the class of congruently saturating type and are stable in presence of 
water. 


Type IV. Formation of solid solutions. When two solid 
components Band C are completely soluble in each other in the 
solid phase, they will form a series of solid solutions ranging in 
composition from pure Bto pure C in water. Such a system will 
exhibit no invariant point as there will be only two phases viz., solid 
Solution and liquid saturated solution. The equilibrium diagram is 
shown in Fig. 11.28. ; 


In this diagram, line DE represents the compositions of saturated 
H20 solutions in equilibrium with 
solid solutions of B and C of 
compositions given by the tie 
Yossrivated lines. In the area above DE, 
only unsaturated solutions 
can exist. Below DE, there 
are two phases—solid solu- 
tions in equilibrium with 
saturated solutions along DE. 
Type V. Partial misci- 
bility of solid phases. The 
s equilibrium diagram for such 
8 ] C asystem in which two solid 
f phases are partially miscible 

Fig. 11.28. Formation of solid solutions. | is as shown in Fig. 11.29. 


ILL OL LGURAANN ANN 
,/ , Saturated solutions ` 
jir} along DEAS \\ \\ 
‘ Liteon Speake 

CERA ya NY 


AST i 


an 
C 
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In this type; two sets of solid solutions are formed—one of C in 
B lyiag between points Band D and another of B in C lying bet- 
ween points Eand C. Line FG is the saturation solubility curve of 
solid solutions of C in B (solid solution /) while the line GH is the 
saturation solubility curve of B in C (solid solution 77). Between 
points D and E, mixture of Band C will give two solid phases one 
of which has the composition D and the other E. G is the isother- 
malnon-variant point. Any point lying within the area GDE will 
give Somos of solutions in equilibrium with two solid solutions 
D and E. 
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H20 


nsatutated solution 


Fig. 11.29. Partial miscibility of solld phases, 


Salting Out 

The phenomena in which the solubility of a non-electrolyte in 
water is decreased by the addition of an electrolyte’ is known as 
salting-out. Thus if some salt is added to asystem comprising 
completely miscible pairof organic liquid and water, two layers 
areseparated—one rich in the organic liquid, the other rich in 
water. Consider the ternary diagram for K1CO; —H;0 —CH30H 
which is typical of the system salt—water—alcohol. See Fig. 11.30. 


H20 


Fig. 11.30. Salting out effect, 


In this diagram, region. Bab represents K2CO3 in equilibrium with 
water-rich saturated solution; while region Bed represents K2CO3 in 
equilibrium with alcohol rich saturated solution, bcd represents 
region of two conjugate liquids (b—water rich and d—alcohol rich) 
joined by tie line and region Bbd represents K,CO: in equilibrium 
with conjugate liquids b and d. Suppose that solid K2CO; is added 
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to a mixture of water and alcohol of composition x. Salt will be 
dissolved in the liquid and the system will move along the line 
xyzB. At y, two layers are. separated; at z, further dissolution of 
K,CO; stops so that solid KxCO; and liquids b and d coexist. The 
liquid represented by point d is the alcohol rich layer and can be 
separated from b, the water rich layer. 


— When water is added to an unsaturated solution of K;CO; in 
alcohol of composition x', the System will move along the line 
X'yz'. KCO; will precipitate at y’ and redissolve at z' with further 
addition of water. 


PROBLEMS - 


1. (a) State and apain the terms: (a) phase, (b) components, and (c) 
degree of freedom, used in the phase rule study of heterogeneous equilibrium. 
(b) Determine the number of components and degrees of freedom in the 
following systems: 
(i) An aqueous solution of sugar 
(ii) Bry dissolved in CCl, 
(iii) A mixture of Nig), Hs) and NH; 
(9) Fey FEO) =E) Hc 
2. State phase rule. Derive the relation, 
F=C—P+2 
where the symbols F, C and P have their usual meanings. 
3. Discuss the application of phase rule to the equilibrium of different Phases 


of meter. Label neatly the various portions in the phase diagram. What is triple 
point 


4. Discuss the application of Phase rule to. the equilibria met in the case of 
sulphur system. 

5. Discuss and apply the phase rule to the two component system consist- 
ing of KI and water, 


6. Draw a neat diagram for ferric chloride-water system. How many hydrates 
of ferric chloride are possible from the study of its phase diagram and of what 
help is the phase rule in the study of this system? 


7. What do you understand by the reduced phase rule equation? Discuss the 
use of phase rule to the extraction of Ag from lead. 


r 8, Explain the following terms used in the phase rule study of heterogeneous 
equilibria: 
(a) Transition point, (b) Congruent. melting point, (c) Eutectic point, 
(d) Invariant system. 
9. Write notes on the following: 
(a) NaCl— water system 
~ (b) Sodium sulphate—water system 
(c) Metastable equilibrium. 

10. Explain briefly the application of phase rule to the study of a three-com- 
ponent system. 

11. Thermal analysis of the system A—B showed the presence of a line of 
three-phase equilibrium at 1,000°C and one at 600°. In no case, however, was 
there More than one half for any cooling curve. 4 and B melt at 800°C and 
1,300°C, respectively and the compound 4:8 is known with the meltins point 
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of 700*C. Sketch the simplest phase diagram that conforms with the above data 
` and label all the phase regions. d 

_ 12. Construct and label the phase diagram from the given thermal data, for 
binary thallium—gold metal system. At the beginning of each cooling 
experiment, the binary mixture was homogeneous liquid. 

W/W% gold 0 10 20 30 40 60 80 90 100 
Cooling ; 


Characteris- 
tics 302ca  272pa 204pa  200pa  400pa 686pa 910pa 998 1063 
Temp. *C 128ca 128ca  128ca 128ca 128ca 127ca 128 ca 


13. (a) Construct the phasé diagram for zinc and magnesium System using the 
following data: j 
(i) Melting point of Mg: 665°C 

(i). Melting point of Zn: 500°C 

(ii) One eutectic point at 350°C with 20 mole % of Zn and another at 
430°C with 92 mole % of Zn. 

(iv) A solid compound MgZn, is formed which melts at 540°C. The 
maximum is not very sharp. Comment on the stability of the com- 
pound, 

(b) Describe what happens when a mixture of 40 mole % Zn in 60 mole % 
Mg is cooled from 650°C to 200°C. 

14. Construct isothermal equilibrium diagram for a. ternary system composed 
of water and two salts with a common ion. (The two salts do not form a com- 
pound). Explain how this diagram is used for crystallization. 

15. For the system KNO,—NaNO,—H,0, a ternary point exists at 5°C at 
which the two anhydrous salts are in equilibrium with a saturated solution 
containing 9.04 per cent by weight of KNO, and 41.01 per cent NaNO. Deter- 
mine analytically the maximum weight of KNO, which could be recovered pure 
from a salt mixture containing 70 gm of KNO, and 30 gm of NaNO, by crystal- 
lization from an aqueous solution at 5°C. Ans. 90,59; 

16. Using Fig. 11.29, describe what changes will be observed when: 

(i) Water is added to a system containing 50 per cent K,CO; and 50 
per cent CH,OH, 

(ii) Methanol is added to a system containing 90 per cent water and 
10 per cent K,CO,. 


Chapter 12 


SOLUTIONS 


12.1. INTRODUCTION 


A solution is defined as a mixture of two or more chemically non- 
reacting substances whose relative amounts can vary within certain 
limits. The mixture can be homogeneous or heterogeneous depend- 
ing upon the size of the particles of the various substances. In 
homogeneous mixtures, the particles which are of the molecular size 
(Lmi—5mu) [mu—millimicron], cannot be separated from each 
Other by mechanical means and the composition is uniform all 
throughout. Such a homogeneous mixture is called a true solution 
e.g., solution of sugar or salt in water. In heterogeneous mixtures, 
the particles are present as larger aggregates (size greater than 200 
my). These particles are readily discernible and can be separated 
from each other by simple mechanical methods. Such a hetero- 
geneous mixture is called a coarse mixture e.g., mixture of salt and 
sugar. 


There are certain other types of mixtures which appear homoge- 
neous to the naked eye but, when seen through an ultramicroscope, 
are found to be heterogeneous. Such types of mixtures are called 
colloidal solutions e g., milk. In colloidal solutions, the particles are 
of intermediate size (5 mu —200 mp). 


The definition of a solution as given above is not restricted to 
either the state of aggregation or the relative amounts of the cons- 
tituents. Hence a solution may be gaseous, liquid or solid of variable 
composition within wide limits. This latter fact excludes pure com- 
pounds from the classification of solution because a fixed and definite 
fatio exists among the constituents in a compound. 


The components of a solution are frequently referred to as solute 
and solvent. A solute is generally taken as the substance which 
dissolves and a solvent is a substance in which solution takes place. 
Thus for solutions in which one component is a gas or a solid and 
the other isa liquid, the former is the solute and the latter is the 
solvent, When both the components are liquid present together in 
different proportions, the major component is considered the solvent 
and the minor component the solute, However, for solutions where 
the two liquid components of a solution are present in equal 


proportions, one is justified to call each as either the solvent or 


solute. 


——Óá— 
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122. TYPES OF SOLUTIONS 


Although solutions containing many components are encountered ' 
in chemistry, we shall confine ourselves to binary solutions i.e., 

solutions containing two components. Since the components can be 

gaseous, liquid or solid, it is possible to have binary solutions ` 
belonging to any one of the classes given below in Table 12.1. 


TABLE 12.1 
Examples of possible types of binary solutions 
S. No. Solute Solvent Examples 

1 ‘Gas Gas Any mixture of gases, air (Partial 
and total pressures governed by 
Dalton's law). 

2. Gas Liquid Ammonia in water, aerated water. 

3 Gas Solid Hydrogen in Palladium. 

4. Liquid * Gas Vaporisation of a liquid into a gas. 

S; Liquid Liquid Water in alcohol. 

6. Liquid Solid Liquid benzene in solid iodine. ^ 

7 Solid Gas Sublimation of a solid into a gas. 

8. Solid Liquid Sugar in water. 

9. Solid Solid Lead in silver, copper in.nickel etc. 


$$$ 


Of all these types, we shall limit ourselves to the study of solu- 
tions belonging to types 2, 5 and 8 only in this chapter. 


12.3. MODES OF EXPRESSING COMPOSITION (CONCEN- 
TRATION) OF SOLUTIONS 


The composition i.e., the relative amounts of each component in a- 
solution, can be expressed in a number of quantitative ways. Con- 
sider a binary solution of two components 4 and B. The component 
Bis the solute and the component A is the solvent. The notations 


adopted are given below: 
Wa, Wg-- Weight (mass) in grams of A and B 
na, ns=Number of moles of A and B 
Va, Vg Volume in litres of A and B , 
V=Total volume of the solution in litres. 
The various terms which are commonly used for expressing the 
composition of the solutions are the following: 
(1) Weight per cent. The weight per cent of component B in the 
solution is given by, y 


"OPE 
298 A TEXTBOOK OF PEYSICAL CHEMISTRY 


Wi 
weight per cent of B= Ws x1C0 


This is the simplest and the most useful concentration unit. 
We 
Wa 
are often expressed in terms of this unit, 


(3) Volume per cent. Volume per cent of B in A is given by: 


(2) Weight ratio. This is given by + Generally solubilities 


Volume per cent of pa x 100 


This is limited to liquid-liquid solutions. 

(4) Molarity (M). This is given by the number of moles of the 
solute per litre of the solution, The molarity of B in the solution is 
given by 

25,05 
Mp— V 

(5) Formality. In some cases, this term is used for solutions of 
ionic substances. Formality of a solution is given by the formula 
weight of the solute dissolved in one litre of the solution. 

(6) Normality (N). Normality of a solution is given by the num- 
ber of equivalents of the solute dissolved in one litre of solution. 

7) Molality (m). This is given by the number of moles of solute 
per 1000 grams of the solvent. Molality of A in the solution is given 
by 


LAE: 
mp Wa x 1000 


4th, 6th and 7th types are most useful for dilute solutions, 

(8) Mole fraction (X). Mole fraction of any component in a 
solution is given by the number of moles of that component divided 
by the total number of moles of all the components in the solution. 
‘Mole fraction of B in the solution is given by 
y Em Y 

is T4 np 


The sum of all the mole fractions ofa solution is always equal to 
unity. In the present case, we have two components: 
Xa4-X5—1 
If instead of the number of moles, weights of the constituents and 
their molecular weights are given, the mole fraction is given by 
qus W3/Mp 
WA[Ma--Ws]Mn 


where Ma and Mg are the molecular weights of the components A 
and B respectively. 
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Of all these méthods, those which are expressed on volume basis 
süch as 3rd, 4th, 5th and 6th, will change with temperature because 
ofthe thermal expansion or contraction of the solution. Other 
methods, which are expressed on a weight basis, will be independent 
of temperature and the concentration will remain same at all the 
temperature. 

Problem 12.1. Calculate the weight per cent of each component of a 
solution which contains 40.10 grams of sodium chloride, 20.20 grams of 
methyl alcohol and 100.20 grams of water. Also calculate the molarity of 
sodium chloride and methyl alcohol for the solution assuming that the density 
of the solution is 1.10 gms/ml. (Molecular weights of NaCl and CH,OH are 
58.5 and 32.0 respectively.) 


Solution. Weight per cent of NaCl 


L2 40.1 25.09 

—3013202:1002 10072507; 
Weight per cent of CH,OH 

; ji 20.2 
3 = 40.1--20.24-100.2 

Since the total percentage is 100. The weight per cent of water 

-:100— (25.0--12.5) =62.5% 
Alternatively, weight per cent of water 

eh 100.2 

~~ 40.14-20.24-100.2 


X100=12.5% 


X100=62.5% 


Calculation of Molarity 


40.1 
For NaCl, "INaCI7 58.5 : 
3. 40.1/58.5 
eres Myaci= @0.1+20.2+ 100.1) gm solution 
1000 
A al gm of solution 
1.10 gm of solution 
=4.170 M 
Similarly, for CH,OH, 
» 2202 
"C" CHQOH^ 320 
M, 20.2/32.0 
(CH,OH (40.1--20.2- 100.2) gm solution’ 
x 1000 
1 gm of solution 
1.10 gm of solution 
=4.33 M 


Problem 12.2. Determine the molarity of a solution containing 86.53 grams 
of sodium carbonate (Molecular weight — 105.99) per litre of the solution in water 
at 20°C. The density of the solution at this temperature is 1.0816 gm/ml. Also 
find the molarity of the solution. 

Solution, (i) Calculation of Molarity 


Since the number of mole of Na,COs, 
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86.53 


Se = li 
: COR INa CO, Os ooo ee Mole . 
Molarity of the solution - QS — 0.8164 mole/litre ` 


(ii) Calculation of Molality 


Since the density of solution is 1.0816 gm/ml, the mass of 1 litre of the 
solution is 


71.0816: 1000=1081.6 gm/litre. 
Now this quantity of solution contains 86.53 gm Na,CO; 


_ Weight of water =1081.6—86.53=995.1 gm 
$ : _ 0.8164> 1000 
Molality of the solution Ras oesne 
, =0.8203 m. 


12.4. SOLUTION OF GASES IN LIQUIDS 


Most of the gases are easily soluble in liquids and form true solu- 
tions. Thus oxygen of air is dissolved by water of rivers and seas 
and this is responsible for the respiration of fish and other aquatic 
animals. The solution of a gas in a liquid is an example of a two- 
component system. The two components are gas and the liquid 
(C—2). Sincethere are two phasesie, P—2 (gas and solution), 
according to the Phase Rule, 
C F+P=C+2 
F+2=2+2 
or 5 F=2 
Thus the system is bivariant. If the temperature is kept constant, 
both pressure of gas and composition of solution, i.e., the solubility 
of the gas, can vary. If the composition is maintained constant, 
pressure and temperature are variable. 
It is clear that the solubility of a gas in a liquid depends on the 
temperature and pressure. Various other factors on which solubility 


is also dependent are the nature of the gas and the nature of the 
liquid solvent, 


At a given temperature and pressure, the solubility of different 
gases in the common solvent varies. Those gases which undergo 
chemical interaction with water e.g., ammonia, carbon dioxide, 
sulphur dioxide, hydrogen chloride, etc., are the most soluble in 
water. 

NH3+H20=NH.0H (Ammonium hydroxide) 
CO2+H20=H2COs (Carbonic acid) 
S02+H20=H2S0; (Sulfurous acid) 

- HCE-H20:3H;0*4-CI- 

For other gases, solubility depends on the ease of liquefaction. 
Thus those gases which can be easily liquefied e.g., carbon dioxide, 
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sulphur dioxide etc., are fairly soluble in the common solvents. On 
the other hand, the gases which cannot be easily liquefied such as 

permanent gases e.g., oxygen, nitrogen, hydrogen, helium etc., are 
least soluble in water. 

Since the solubility of a gas in a liquid is generally determined by 
measuring the volume; rather than the weight that dissolves, it is 
frequently expressed in terms of absorption coefficient, «, introduced 
by R. Bunsen (1857). This is defined as the volume of gas, reduced 
to 0°C and | atmosphere pressure, dissolved by unit volume of the 
solvent at the experimental temperature under a partial] pressure of 
1 atmosphere of the gas. ; 


. The absorption coefficients of some of the common gases at 20°C 
in three different common solvents are given in Table 12.2. : 


TABLE 12.2 
Bunsen absorption coefficients of gases at 20°C 
Solvent Hydrogen Helium Nitrogen Oxygen Carbon 
dioxide 
Water 0.017 0.009 0.015 0,028 | 0,025 
Ethanol ^ 0.080 0.028 0.130 0.143 0.177 
Benzene 0.066 0.018 0.104 0.163 0.153 


The solubility of tlie gas can be expressed in moles per litre at the 
temperature of the experiment and under a pressure of | atmosphere ` 
ifthe absorption coefficient is divided by 22.4 (volume in litres 
occupied by 1 mole of the gas at 0°C and 1 atmosphere pressure). 


Effect of temperature on solubility. It has been observed in 
most of the gases that when they dissolve in liquid, usually heat is 
given out (Exception: solubility of Ha, O and the inert gases in 
certain organic liquids); Hence in accordance with Le-Chatelier 
principle, solubility of a gas in a liquid will decrease with rise of 
temperature. Thus it is possible to remove the dissolved gas from 
solution just by boiling it. However, in case of conc. HCl, it is not 
possible because by boiling it, the whole of HCI, just like a definite 
compound, will evaporate off unchanged in composition at a parti- 
cular temperature. 

Effect of pressure on solubility—Henry’s Law. The effect of 
pressure on the solubility of a gas in a particular liquid at some 
constant temperature can be readily understood in terms of Henry's 
Law which states that: 

**At constant temperature, the mass of a gas dissolved in a unit 
volume of a liquid is directly proportional to the pressure of the gas 
above the liquid at equilibrium.” 
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Mathematically, map 
or m=kp 5-491211) 


where m is the mass of the gas dissolved by unit volume of solvent, 
p is the pressure of the gas in equilibrium with the solution and K is 
a proportionality constant known as Henry's Law constant. The 
‘magnitude of k depends on the nature of the gas and liquid, 
temperature and the units in which pressure is expressed. 


From equation (12.1), it is evident that for the validity of Henry's 
Law, the plot of the solubility of the gas against theZequilibrium 
: pressure at a constant temperature 
Should be a straight line passing 
through the origin as shown in 
Fig. 12.1. 


It has been observed that for the 
strict applicability of Henry's Law— 
(i) temperature should be high 
(ii) pressure should be low and 
(iii) no chemical reaction should 
take place between the dissolved gas 
and-the solvent (such as compound 
formation between the dissolved gas 
Fig. 12.1. Variation of solubility and solvent, association of the gas 
of a gas with pressure. into more complex molecules or 
dissociation of the gas). 


Thus for the solubility of HCl and NHs in water, Henry's Law 
altogether fails if the total solubility is considered. This is due to 
the involvement of the following reactions: 


HCl (gas) —HCI (dissolved) 
HC! (dissolved)--H20 —H30*--CI- 
and NH; (gas) - NHs (dissolved) 
NH; (dissolved)--H;20— NH4OH 
.NH40H—NH4*--OH- 


Insuch cases where the dissolved Bas reacts with the sol 
t € I vent, 
Henry's Law is applicable only to the amount of the gas which is in 
the free or uncombined state in the solution and will fail if the total 
solubility is considered. 


When a mixture of several gases is dissolved si 
1 E multaneousl 

Henry's Law is found to be still applicable to each gas independent 
of the pressure of the other gases present in the mixture. It is, 
therefore, possible to say that the solubility of each gas from a 
mixture gases is V k to its own partial pressure in the 
mixture. The proportionality constant k, will of course 
for different gases. i rae cue 


Equilibrium 
pressure ———> 


Solubility ——> 


b 
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; 12.5 HENRY'S LAW AND RAOULT'S LAW 


According to Henry's Law, m—kp, where m is the mass of the gas 
dissolved in unit volume of solvent and p is the equilibrium pressure. 
Ifmis replaced by i where W2 is the weight of the gas dis- 


solved in W; gms of the solvent, Henry's Law relationship becomes 


‘Dr «1s (232) 


where p» is the pressure of the gas. 


Dividing the two masses by their respective. molecular weights, we 
get 


W2/M2_,, 
eK Pa © (4213) 
or m —k'pa +s (12.4) 
n 


Wa a ete 
where n2 (=%) and m ( Mi ) are the number of moles of 
solvent and solute respectively. If the gas dissolved has very little 
solubility, solution will be dilute so that 


Ne rs 
n nnm 


n 

nin PU Disce a 
where X2 is the mole fraction of the gaseous solute in the saturated 
solution. Equation (12.5) suggests that the solubility of a sparingly 
soluble gas, expressed in mole fraction, is also proportional to the 
pressure of the gas. 

Alternatively, it also suggests that pz, which may be taken as the 
vapor pressure of a volatile solute, is proportionalto the mole fraction 
of the solute in the solution. Hence Henry's Law can also be. stated 
as follows: 

In a dilute solution, the vapor pressure of a solute is directly 
proportional to its mole !r..tion. In cases where the law is appli- 
cable over the whole raage of concentration—from an infinitely dilute 
solution i.e., pure solvent to the pure (liquid) solute, p2 will become 
the vapor pressure of the pure solute (=p2°) when X, is unity. 


Hence ]—k'pi 
i; T NT 
át ee wie (2i6) 


Substituting this value of k” into equation (12.5), we get 
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pi 
3- P. 
5 Pa 
or pr=X2pr° SIALL) 


Equation (12.7) is an equation of Raoult's Law for a volatile 
solute. E 

- This shows that Raoult’s can be regarded as a special case of 
Henry's Law and all systems obeying Raoult' Law must agree with 
Henry's Law. The reverse of this is also true provided Henry's Law 
is applicable over the whole range of concentration. 


12,6, MIXTURES OF TWO LIQUIDS - 


` The two liquids which do not react chemically when brought to- 
gether gives rise to three possibilities as regards their mutual 
solubility—the two liquids may be completely miscible, completely 
immiscible or partially miscible. Thus, the following three pairs of 
liquids.are possible. 


(i) Liquid pairs which dissolve in each other in all proportions 
and have no saturation limit. Such liquid pairs are said to be 
completely miscible e.g., water-ethyl alcohol; benzene-toluene; 
water-acetic acid; water-glycerol, etc, 


(ii) Liquid pairs which do not dissolve atallin each other. Such 
liquid pairs are said to be completely immiscible e.g., water mercury. 


. (iii) Liquid pairs which dissolve in each other only to certain 
limits. Such liquid pairs are said to be partially miscible e.g., water- 
ether, water-phenol etc. 


Generally it has been observed that those liquids which have 
similar. chemical structure are completely miscible while liquids 
which have different chemical structures are completely immiscible. 
Thus water is completely miscible with alcohol because the two are 
chemically similar. But since mercury is very different chemically 
from water, the two are completely immiscible. Similarly, benzene 
dissolves hydrocarbons. 


12.7. THE IDEAL SOLUTION AND RAOULT'S LAW 


Just as the concept of an ideal gas as a criterion of gas behaviour 
has been very helpful in predicting thermodynamics and other 
. properties of gases and vapors, so too, it will also be very helpful 
to set up a similar concept in the case of solution. The concept of an 
ideal solution will act as a guide in discussing the theory of solutions 
on the basis of certain simple laws. For practical purposes, an ideal 
solution may be defined as a. solution in which there is complete 
uniformity of cohesive forces i.e., the molecules in an ideal solution 
will exert the same force on each other irrespective of their nature. 
Thus if we have an ideal solution of two components, A and B, 
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the intermolecular forces between A and A, B and B, and A and B, 
will be same. Other characteristic properties of an ideal solution . 
are—no heat is given out or absorbed in the formation of solution 
and total volume is equal to thesum of volume of individual 
components 


* If the two components of a solution are volatile, they will. have a 
natural tendency of escaping into vapor phase and exert a definite 
vapor pressure. When the solution is an equilibrium with vapor, the 
total pressure above the solution will be equal to the sum of the 
partial vapor pressures of the individual components in accordance 
with Dalton's Law of partial pressures, If P4 and Pg are the partial 
vapor pressures of two volatile and miscible components 4 and B, 
the total pressure, P, is P4--Ps. The assumption made here is that 
vapors behave as ideal gases. The partial vapor pressure of each 
component of an “ideal solution" can be easily determined from 
Raoult's Law. This law states that the partial vapor pressure of any 
volatile constituent of a solution is equal to the vapor pressure of the 
pure constituent multiplied by the mole fraction of that constituent 
in solution over the whole concentration range at all temperatures. 

Thus if X4 and Ys are the mole fractions of the two components. 
in the solution and P°s and P?s are the vapor pressures of the pure 
liquids A and B, then from Raoult's Law, the vapor-pressures of the: 
two constituents above the solution are S 

Pa=P°sXa . » , (12.8) 

and Ps=P°sXg D (12.9) 
Therefore, the total vapor pressure P of the solution is 

P—P44-Pg—P^4XA4-P^pXn +» « (12.10) 

Again, since Xa+Xs=1 eise 
or £ X4—1— Xn 

Equation (12.10) can also be written as 

P—P*4(1—X2)4-P^nXn 
=(P°s—P°s) Xs+ Pa «sa Azad) 

Equation (12.11) gives the total vapor pressure above a solution 
in terms of the vapor pressures of the two pure. constituents and the 
mole fraction of one of the constituents. At a particular tempera- 
ture, since P4? and P? are constants, a vlot of P versus Xs should 
be a straight line with the slope (Pa^ —P4^) and an intercept Pa? at 
Xs=0 as shown by the solid line in Fig. 12.2. 

InFig. 12.2, the dotted lines represent plots of equations (12.8) 
and (12.9) for the partial pressures of the two components Aand B | 
against their respective mole fractions. Each dotted line is a 
straight line and passes through the origin indicating that both com- 
ponents are ideal liquids. The solid line gives the total vapor 
pressure of the mixtures of A and Bof all compositions and is: 


obtained by joining P°4 and P°s. The total pressure at all inter- 
mediate concentrations can be obtained by taking the sum of the 
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ie partial pressures of the two components corresponding to-the parti- 
cular concentration 
Thus at Xs=0.2, 
P—Pa44- Ps 


T=Constant 


Vapor pressure 


X,=1 02 04 06 .08 X,-0 
Xg-0 Mole fraction Xe=1 


Fig. 12.2. Total and partial vapor pressure curves for an 
ideal solution over the whole concentration range at 
constant temperature. 


"The type of the plot as shown above are obtained only for ideal 
‘solutions. Actually, in practice it has been found that a few binary 
solutions e.g., benzene-toluene; ethylene bromide-ethylene chloride, 
n-hexane-n-heptane, carbon tetrachloride-silicon tetrachloride, water- 
methyl alcohol; n-butyle chloridt-n-butyle bromide, chlorobenzene- 
bromobenzene systems, obey Raoult's law over the whole.concentra- 
tion range at certain temperatures. The ideality of such solutions 
are altributed to their chemical similarity. Due to their similarity 
the inter-molecular forces in the solution o : 
uniform. 


12.8. NON-IDEAL (REAL) SOLUTIONS OF MI 
Deu (REAL) SCIBLE 


As pointed out earlier, only a few binar 
Raoult’s law over the whole range of conc: 


fthetwo liquids will be ; 
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molecules i.e., between A-A and B-B molecules, the escaping ten- 
dency from the solution into the vapor of the molecules of each kind 
will be more than from the two pure liquids. The partial vapor 
pressures of A and B will, therefore, be greater than predicted from 
Raoult’s law. Such a system will exhibit positive deviation from 
Raoult's law. The shape of the curve is shown in Fig. 12.3. 


» Mole fraction X,=0 


Fig. 12.3. Vapor pressure solutions exhibiting positive 
deviations from Raoult’s law. (The dotted lines show 
ideal behaviour.) 


In this case, the system exhibits a maximum in the total vapor 
pressure curve. Examples of this type of system are: acetone-carbon 
disulphide; chloroform-ethyl alcohol; benzene-cyclohexane etc. 


Large positive deviations are observed in the case of mixtures of 
two liquids which markedly differ in polarity, internal pressure, 
length of hydrocarbon chain and degree of association e.g.. an 
alcohol and a hydrocarbon. If the difference in polarity between - 
the two liquids is quite smalle.g., ether and acetone; or both the 
two liquids are non-polar e.g., carbon tetrachloride and heptane, the 
positive deviation from Raoult's law are small. 


If the attraction between different molecules i.e., between 4-B 
molecules is stronger then between identical molecules j.e., between 
A-A and B-B molecules, the escaping tendency from the solution 
into the vapor of molecules of each kind will be smaller than the 
two pure liquids. As a result of this, partial vapor pressure of each 
constituent will be smaller than that predicted from Raoult’s law 
and the system will exhibit negative deviation from Raoult’s law. The 
shape of the curve is shown in Fig. 12.4. 


In this case, the system exhibits a minimum in the total vapor 
pressure curve. The examples of this type of system are pyridine- 
acetic acid; chloroform-acetone; water-nitric acid, formic acid or 
halogen acids etc. 


The relationship between the mole fractions of the constituents in 
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| the mixture and their partial vapor pressure can also be deduced 
theoretically from Gibbs-Duhem equation as follows: 


Xa=1 fracti Xa=0 
P pu Mole fraction Xs21 


$ Fig, 12.4. Vapor pressure of solutions exhibiting negative 
deviations from Raoult's law. (The dotted lines show ideal 
behaviour), 


For a system consisting of two components A and B, Gibbs- 
Duhem equation can be written as: i 


nadua— —np dup «. « (12.12) 


where the terms n and y represent the number of moles and chemical 
potential of two respective components in the given mixture. 


Dividing both sides of equation (12.12) by 744-72, we get 
Xadua— — Xd 3 «+ (12.13) 


where X4 and X are their respective mole fractions. 
Now, since Xa4- Xg—1 


Xp—1—X4 
or 3 dXg— —dX4 
Hence ; 
dus dus y dus 
Xa dY, XB dYa E Y «+. (12.14) 


„Again, the chemical potential of any component of a mixture is 
given by: 

: B=p°+RT Inp + a (12.15) 
where p is the partial vapor pressure of that component at constant 
temperature and pressure. Differentiating equation (12.15) with 
respect to X4 and Xz, we get: 

: dus_ RT din P4 
dY4 c VUES « . . (12.16) 
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and dus pp dinPs . . (12.17) 


dXs dXna 


Combinations of equations (12.16) and (12.17) with equation 
(12.14) gives: 


5 dx dXp 
din P4 . din Pa y 
uo. diY4. din Ys -.. (12.18) 


Equation (12.18) which gives a relationship between the mole 
fractions of the constituents and their respective partial vapor pres- 
sures is known as the Duhem-Margules equation. Margules (1895) 
integrated equation (12.18) on the basis of an arbitrary assumption 
and got the following relationships: 

: PíA—P4 Xa . c0 X?n 
and Ps—Py Xp. et**A À 

The value of « which is some constant is same for a both the two 
components. For ideal solutions, «—0; for non-ideal solutiens, « is 
positive for systems showing positive deviations and is negative for 
those which show negative deviations. 


12.9. RELATIONSHIP BETWEEN THE COMPOSITION OF 
A SOLUTION AND THE COMPOSITION OF THE 
VAPOR ABOVE IT 


As we know, the concentration of any ideal solution is governed by 
Raoult's law and the concentration of the vapor above the solution 
is governed by Dalton's law of partial pressure. Thus, for the 
system as considered under ideal solution, if Ys is the mole fraction 
of B in the vapor above a solution of composition Xs, then accord- 
ing to Dalton's Law: 


Ps=YpP 
or y= Te T (02.19) 


Substituting the value of Ps from equation (12.9) and of P from 
equation (12.11), we get: 
NM Ps? XB 
Ys— p, —PR5) X FEF .. . (12.20) 
This equation gives the relationship between the composition of B 
in the vapor phase and the composition of B in the solution. Equation 
(12.20) suggests that Ys and Xs are different and will be same only 
when Ps5^—P4 ^ i.e., the pure liquids A and B have the same vapor 
pressure Equation. Eq. (12.20) can also be writtén as: 


Mole fraction of B in vapor _ Ys 
Mole fraction of B in solution Xz 
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-— An <- (12:21) 
Xp. LA X4 
Ps 


EH Ps^Pa 
Pa Xe} Pa Xa 
e a 

Xp PB° XB+ PA^XA 
1 


Pae 
Xs+ Ta Xa 


| 
| 
ix 


Cai 


It follows from equation (12.21) that if P4°<Pp° i.e., the compo- 
nent A is less volatile than the component B, the denominator is less 
than 1 and the ratio Yp/Xs is greater than 1. This means that the 
concentration of B will be more in the vapor phase than in the 
solution. The general conclusion that follows is that for a system 
obeying Raoult's law, the vapor is richer in the more volatile 
component. 


The same result is applicable to non-ideal solutions also. With the 
help of equation (12.20), it is possible to calculate the composition 
of the vapor in equilibrium with a solution containing known 
amounts of the two components. Knowing the composition of the 
vapor corresponding to any composition in the solution, a vapor 
pressure—vapor composition curve at any definite temperature can 
be Son ed. Such a plot for anideal solution is shown jin 
Fig. 12.5. 


T=Constant 


Total vapor pressure 


Xa=1 y d 
Xs=0 Mole fraction Xe 
Xa or Ye 


Fig. 12.5, Liquid-vapor equilibria (Temperature is constant). 


Ee 
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The curve marked **Liquid" is known as the Liquid composition 
curve. It gives the total pressure above the solution as a function of 
mole fraction Xs. The curve marked **Vapor" is known as the vapor 
composition curve and gives the composition of the vapor in equili- 
brium with the solution having the total vapor pressure indicated on 
the ordinate. For example, the composition of vapor corresponding 
toa solution with composition Ys— X and total pressure P (point / 
on the liquid composition curve) is Ys=V (point V on the vapor 
composition curve). The line /V is known as the tie line because it 
ties together the two phases in equilibrium. 


The vapor pressure-liquid composition curves along with the 
corresponding vapor pressure—vapor composition curves for non- 
ideal solutions exhibiting positive and negative deviation from 
Raoult’s law are shown in Fig. 12.6 (a) and (b). It should be 
noted that for each type the vapor composition curve lies below the 
liquid composition curve indicating that the vapor is richer in the 
more volatile constituent. Again in the diagrams for nom ideal 
solutions, the two curves are in contact at the points M and N 
corresponding to the maximum and minimum vapor pressure respec- 
tively. At these points, therefore, liquid and vapor in equilibrium 
will have the same composition. For convenience, each of the two. 
diagrams for non-ideal solution may be divided into two parts by a 
vertical line passing through M and X respectively. Each part will 
have the appearance of the system obeying Raoult's law. Thus these 
two diagrams can be regarded as being composed of two curves—one 
for pure A and the solution of maximum or minimum vapor pressure ` 
M or N respectively and the other of solution of miximum or mini- 
mum vapor pressure M or N and pure B. 


o T=Constant 2 T=Constant 

2 2 

8 M 

Í i 

E 2 

E Mus 

Ir: T 

e E 

Xa=1  Molefraction Xa=0 Xa=1 Mole fraction Xa=O: 
Xs=0 Xs-1 X80 Xs21 

(a) (b) 


Fig. 12.6. Liquid-vapor equilibria for non-ideal solutions exhibit- 
ing positive and negative deviations, (L represents liquid composi- 
tion curve and V represents vapor composition curve.) 


The composition ofthe vapor in equilibrium with a liquid at a 
given temperature can be theoretically determined from Duhem- 
Margules equation as follows: 7 
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Duhem-Margules equation for two components 4 and B is: 
din P4. . din Ps 1.1 (12.22) 
din Xa din Xs 


where the terms X and P represent the mole fraction and partial 
pressure of the two components under consideration. 


This equation can also be written as: 


Xa dPa_ Xs dPp 22.0223) 
PadXa Ps dXp 
Since Xa+Xe=1 or dX4=—dXp 
Equation (12.23) can also be written as: 
X4.dPa , Xp.dPn £ 
- H rT 2. (12.24 
. Pa.dXA i Pa.dXA S à ( ) 
' Again, since the total pressure P is given by: 
P-—Pa-4 Pg 


Differentiating P with respect to Y4; we get: 
JP | dP4 , dPs 
dXa  dX4 _dXa 
_ APs ( pes Xp 2) 
dX4 Xa Pp 


Now the value of dPsldX4 must be negative as it is equal to 
^-dPs[dXs. Thus it follows that if dP/dY4 is to be positive, 
( 1— Y. ) must be negative which can be possible if ¥gP4> 
X4Pp or P4|Pp7» XA| Xp. : mr «(12:26) 

This means that vapor is richer in A than is the liquid from which 
it comes. 

Similarly, if dP/dY is negative i.e., dP/dX° is positive, then 

XBPA—XAP» or P4|Ps — X4] Xn 158 (12.27) 
which means that vapor is richer in B than is the liquid from which 
it comes. Equations (12.26) and (12.27) are the mathematical expres- 
sions of Konowaloff's Rule which says that the vaporis richer in 


the component whose addition to the liquid mixture results in an 
increase of the total vapor pressure. 


AI (12.25) 


> “If the vapor pressure curve shows a maximum or minimum, 
dP/dX4—0. Hence, from equation (12.25), either dPs/dX¥4 must be 
zero or XsgP4—Xa4Pn Le,  . 


The former condition is not possible because it would mean that 
the partial vapor pressure would remain constant in spite of a change 
of concentration. Hence, for a solution showing maximum or mini- 
mum total vapor pressure, the later condition holds i.e. 1 


1 
| 


; 
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Xa _ Pa 
Xa Pg 


which means that at the point of maximum or minimum in the total 
vapor pressure curve, the composition of the solution and vapors are 
identical. 


12.10. BOILING POINT DIAGRAMS OF BINARY MISCIBLE 
LIQUID MIXTURES 


In the three types of diagrams discussed above, the temperature is 
constant. Since the vapor above any solution is always richer in 
the more volatile component than the solution, the components of 
a solution can be easily separated as discussed below. 


By removing the vapors abovea solution, the solution, can be 
made richer in the less volatile component. If the vapors are con- 
densed to form a new liquid solution, the vapors above this new 
solution will again be richer in the more volatile component than 
the solution from which they came. By repeating several times the 
process of removing the vapors from the ‘newer’ solution and 
condensing them, it is possible to obtain a concentration of more 
volatile component in the vapor and a concentration of less volatile 
component in the solution. This process of concentrating the 
components is called isothermal fractional distillation because the 
process takes place at constant temperature. 


Instead of conducting distillation at constant temperature and 
varying pressure, the general practice is to conduct distillation at 
constant pressure. The boiling point of a solution is the temperature 
at which the total vapor pressure becomes equal to external pressure. 
The external pressure is frequently 1 atm. Thus, a solution of two 
components A and B will boil when the total pressure i.e., Pa+Pz 
becomes equal to 1 atm. Since, according to Raoult’s law, different 
compositions of a solution have different vapor pressures, it follows 
that solutions of different compositions will boil at different tem- 
peratures. Thus a solution whose components have higher vapor 
pressure will boil at a lower temperature than the solution’ in which 
the components have lower vapor pressures. This is because solutions 
of higher vapor pressures can reach the external pressure (1 atm) 
at relatively lower temperatures and start boiling than the solutions 
of lower vapor pressures. 

Based upon this fact, it is possible to construct a boiling point 
diagram corresponding to vapor pressure diagram. Since there are 
three types of vapor pressure—composition diagrams, correspond- 
ingly we shall have three types of boiling point diagrams which are 
shown in Fig. 12.7. : l 

Comparing the boiling point diagrams with the vapor pressure 
diagrams, we find that in boiling point diagrams, the liquid curves 
are below the vapor pressure curves. This can be readily explained. 
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because at constant pressure, the vapor state exists at the higher 
temperature. 
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Fig. 12.7. Types of boiling point diagrams corresponding 
to various vapor pressures diagrams. 


In type I, the vapor pressure of Pure 4 isthe lowest pressure and 
that of pure B is the highest while the vapor pressure of all possible 
compositions of 4 and Bliein between the two values, therefore, in 
the boiling point diagram; the boiling point of A is the highest and 
that of B is the lowest while the boiling points of all possible com- 
positions of A and B lie in between the two values. The decrease in 
boiling point is regular from A to B. 
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Same arguments are also applied to the other two types. In type 
lI, since the vapor pressure corresponding to the composition C is 
the highest, the solution corresponding to that composition will boil 
atthelowesttemperature in the boiling point diagram. Similarly, 
in type III, since the solution of composition D has lowest vapor 
pressure, it will boil at the highest temperature in the boiling point 
diagram. Thus, we see that for any system the maxima in the vapor 
pressure diagram will be minima in the boiling point diagram and 
vice-versa, 


12.11. FRACTIONAL DISTILLATION OF BINARY MISCIBLE. 
LIQUID MIXTURES 


Type I. System which is ideal 
Consider the boiling point versus composition diagram for sucha 
system which is shown in Fig. 12.8. 3 1 


P=Constent 


Temperature 


Mole fraction 
Fig. 12.8. Distillation behaviour of solutions of type I. 


Suppose we heat a solution of composition Xj. The vapor pressure 
of the system will increase until it reaches the point a. At this point 
the vapor pressure of the solution becomes equal to the external 
pressure and hence the solution begins to boil. Thus ta is the boil- 
ing point of the solution of composition Xi. At this temperature, 
the vapors coming off will have the composition Y;, (point a’ on the 
vapor composition curve). Since the vapors are richer in the more 
volatile component B, (¥i>Xi), the residual liquid will become 
richer in the less volatile component A. Let it be represented by the 
point b on the liquid-composition curve. A solution of composition 
(X2) will boil at temperature fj which is higher ‘than ta. The corres- 
ponding composition of the vapors in equilibrium with solution of 
composition X2 is given by Yo, point b’ on the vapor composition 
curve. These vapors are again richer in the component B and conse- 
quently the residual liquid will be further enriched in the component 
A. The temperature of this residual liquid must again be raised 


316. /. A TEXTBOOK OF PHYSICAL CHEMISTRY 


until it begins to boil. Thus we see that if the process described is 
continued several times, the residue will become richer and richer in 
Athan the original solution until pure A is obtained. The boiling 
point will also increase continuously from ft, to ta, the boiling point 
of the pure component A. 


Consider now the vapor phase. If the initial vapors obtained. from 
the solution (point a’) as pointed out earlier, are condensed and 
redistilled, the vapors of composition Z (represented by the point c’) 
are obtained and the boiling point of the new solution will be te. 
This shows that the distillate becomes richer in the component B 
than the original. When the process is repeated several times, a 
stage comes when the distillate is composed of pure B only. 


Thus we see that by carrying out fractional distillation of mixtures 
which are ideal, it is possible to separate the two constituents into 
the pure components. Y 


Type II. Non-ideal Systems with a Minimum Boiling Point 


The boiling point diagram for such a system is shown in 
Fig. 12.9. 1 


me 
P=Constant | 


Boiling temperature __ 
= 


A 
i Mole fraction 


Fig. 12.9. Distillation behaviour of solutions of type: I. 


Consider the distillation of a solution of composition, say X1, 
‘between A and C. This solution will boil at a temperature f; and the 
vapors in equilibrium with this solution at this temperature have the 
composition Y, and consequently will be richer in B than the residue. 
As the distillation proceeds, the composition of residual liquid will 
Shift towards pure A and the boiling temperature of the residual 
liquid will also increase because it is richer in the less volatile con- 
stituent. On the other hand, the composition of the distillate will 
shift towards C. .By repeating the process of condensation and dis- 
tillation several times, as discussed in type I, eventually a stage is 
reached when the residual liquid will contain only pure liquid 4 and 
a vapor of composition C in the distillate at the minimum boiling 


o 
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point. When a vapor corresponding to composition C. is condensed 
and distilled, it will yield again a vapor of composition C. This 
means that the vapors coming off from the solution at C will have 
the same composition as the solution and no further separation is 
possible. Thus a solution having composition between. 4 and C can 
be separated by fractional distillation into pure 4 in the residue and 
a constant boiling mixture of composition Crin the distillate. There 
will be no pure B. 

Similar conclusion is reached if a solution of composition, say Y, 
is heated between B and C. The vapors coming off will be richer in. 
component A than the liquid residue. If the distillation is repeated, 
the distillate and the residue will become richer and richer in a 
constant boiling mixture and pure B respectively. Eventually, the 
distillation will yield pure B in the residue and a constant boiling 
mixture C in the distillate. There will be no pure A. 


Type IIJ. Non-ideal Systems with a Maximum Boiling Point 
The boiling point diagram for such a system is shown in Fig. 
12.10. s 


The behaviour borne out by non-ideal solutions having a maxi- 
mum boiling point is analogous to type II systems. From reasoning 


Boiling temperature 


Mole fraction 
Fig. 12.10. Distillation behaviour of solutions of type III. 


analogous to type II, repeated distillation of a solution having com- 
position between A and D will eventually yield pure A in the distil- 
late and a constant boiling mixture D in the residue. There will be 
no pure B. Similarly, repeated distillation of a solution having com- 
position between B and D will eventually yield pure B in the distillate 
and AE boiling mixture D in the residue. There will be no 
pure A. 


Thus we see that only ideal solutions can be separated by, fractional 
distillction into the pure constituents. The separation into pure con- 
stituents is never possible for non-ideal systems showing positive or 
negative deviations from ideal behaviour. 
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12.12. THE FRACTIONATING COLUMN 


The process of fractional distillation will be extremely tedious and 
involve more time and labour as the separation is carried out in 
batches and in discontinuous manner. To overcome these difficulties, 
a fractionating column is used. A fractionating column is a device 
which automatically carries out fractional distillation in a continuous 
manner. There are various types of fractionating columns, the most 
generally used in the laboratory isa ‘‘bubble-cap” type of column 
as shown in Fig. 12.11. The column which consists of a number 
of bubble-cap plates is attached to a boiler at the bottom and to a 
condenser at the top. Each plate can hold a thin layer of liquid. 
Liquid can flow down from one plate to the next by a series of 
overflow pipes and the vapor can rise and escape through several 
bubble caps C. The vapors moving upward through the caps prevent 
the liquid descending through them. To understand the working, the 
liquid mixture to be separated is boiled by heating coils in the 
boiler at the bottom. The vapors after passing through the caps 
come into contact and mix with the liquid at the plate 1. Some of 
the vapors of the less volatile component will condense here and the 
remaining vapors, richer in the more volatile component, will pass 
on through caps to plate 2. Here they will again come into contact 
and mix with the liquid at plate 2. { 


Fig. 12.11. Schematic diagram of bubble-cap fractionating column. 
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This will cause vapors of the volatile component to condense and 
vapors of the more volatile component move upwards. On repeating 
this process at every plate, the vapors moving upwards become in- 
creasingly enriched in the more volatile component and the liquid 
flowing down through the column becomes richer in the less volatile 
component. Thus the more volatile component can be drawn off in 
the pure form by condensing the vapors at the top of the column and 
less volatile component from the bottom. $ 

In order to make the separation process continuous, the preheated 
liquid mixture is admitted into one of the plates at an intermediate 
stage in the column and the two pure liquids are drawn off from — 
the top and bottom ofthe column. As the vapors from the boiler 
move up the column, they come into contact with the cooler liquid 
moving downward and there is a continuous condensation-vaporiza- 
tion exchange between the vapor and liquid phases at each plate 
in the column. Finally, vapors of the more volatile component are 
collected at the top and condensed to get the pure liquid and less 
volatile component collected at the bottom. It should be remembered 
that the complete separation in the pure form of the two components 
is possible only for an ideal system. 


12.13. AZEOTROPIC MIXTURES 


In the boiling point diagrams of non-ideal systems of type 2 and 

type 3, the mixtures corresponding to the minimum and maximum 

boiling point (points C and D respectively) distil unchanged. Such 

constant boiling mixtures are known as azeotropic mixtures or simply 

azeotropes. The compositions as well as the boiling points of azeo- 

tropes are remarkably constant at given confining pressure. But as 

the total pressure changes, both the boiling points and the composi- 

tions of the azeotropes change, thus proving that azeotropes are not. 
definite compounds. Some examples of azeotropic mixtures are given 

in the Table 12.3. 


TABLE 12.3. 
Boiling points and compositions of azeotropic mixtures 
(P=1 Atm) 
Type Component B.P. Component B.P. Azeotrope 
A °C B °C Weight% A BP °C 
Mini- Water 100 Ethyl Alcohol 78.3 4.0 78.174 
mum 
Boiling Water 100 Ethyl Acctate 79.6 11.3 73.41 
Point Carbon 76.755 Methyl Alcohol 64.7 — 79.49 55.7 
tetra- 
chloride 
Chloroform 61.2 Methyl Alcohol 64.7 87.4 53.43 
Maxi- Water 100 Nitric Acid 86 68 120.5 
mum z 
Boiling Water 100 Hydrochloric 80 20.222 108.584 
Point Acid 
Chloro- 61.2 Acetone 56.10. 78.5 64.43 
form 


Phenol 182.2 Aniline 184.35 42 186.2 
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TABLE 124. 
Effect of pressure on composition and boiling point of azeotropes 
Pressure, mm Weight % of HCl in constant “PRC 
boiling mixture 
800 20.155 110.007 
760 . "20:222 108.584 
700 20.360 106.424 


500 20.916 97.578 


12.14. COMPLETELY IMMISCIBLE LIQUIDS : STEAM 
DISTILLATION 


Truly speaking no two liquids are completely insoluble in each 
other. However, there are certain liquid pairs e.g., watat-mercury 
and water-carbon disulphide in which the mutual solubility is so 
small that they are considered to be completely immiscible. In a 
mixture of immiscible - liquids, since two liquids are mutually insolu- 
ble, each liquid behaves as if the other were not present. Hence in 
a mixture of two immiscible liquids, each liquid will exert its own 
vapor pressure corresponding to the pure state at the given tempera- 
ture independent of the other and the total vapor pressure, P, above 
the mixture will be the sum of the vapor pressures of the two pure 
liquids at that temperature. Thus if P^4 and P^g are the vapor 
-pressures of the two pure components, which are completely 
immiscible at a certain temperature, then the total pressure, P, is 
given by : 3 
P=P°4+P°n 
Again the boiling point of any system is the temperature at which 
_ the total vapor pressure of the system becomes equal to the external 
pressure. Thus a mixture of two immiscible liquids. will boil, that 
is, distil freely. at a temperature lower than the normal boiling 
points of the two liquids taken separately because the two liquids 
together can reach the given external pressure at some lower tem- 
perature than eitherliquid alone. For example, at an external pres- 
sure of 734 mm, the boiling points of water and chlorobenzene are 
99°C and 131°C respectively, but the boiling point of the mixture of 
the two liquids is 91°C at the same external pressure. Moreover, 
since at any given temperature, the total vapor pressure is indepen- 
dent of the relative amounts ofthe two liquids, the boiling point of 
the mixture must remain constant as long as both Ilquids are present. 
Butassoon as one ofthe more. volatile liquids is boiled away, the 
boiling temperature will rise abruptly from that of the mixture to 
that of the less volatile liquid. ` 


In order to show that the weights of the two components distilled 
from an immiscible liquid mixture. are -proportional to their 
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respective molecular weights and vapor pressure, we proceed as 
follows: 


If Ya and Ys are the mole fractions in the vapor and P4^ and Pa” 
are the partial pressures of the components A and B respectively at 
any boiling temperature, T, for the- mixture, then, according to 
Dalton's Law of partial pressures: 


P°4=YaP and P°s=YsP . + (12.28) 


where P is the total pressure. Here assumption is made that vapors 
behave ideally. The ratio of the two expressions is given by: 


EA €] 


UT i cre (12.29) 
prised ang 
Again, since La Pp mere 
d Vip 
an ? n4d- nsa 


where n4 and ng are the number of moles of the components A and 
B, in the vapor. 


Therefore, 


P^4 | nal(na+ns) _ nA 

Pe nanain). dte 24. (12:30) 
Since the temperature is constant, P°4/P°s is constant and conse- 

quently, z4/np must also be constant i.e., the composition of the 

vapors above the binary mixture is always constant. Further, since 

the number of moles of any component is given by the ratio of the 

weight and molecular weight of that component, 


Wa EZ 
n= Ma and nB= Ms 


where W and M stand for the weight and the molecular weight of 
the respective constituent. Therefore, equation (12.30) becomes: 


o, Jpo, JV AMB 
Phases WeMa 
Wa || MaP°a 
or Ws — MsP'g .. . (12.31) 


Equation (12.31) relates the relative weights of the two com- 
ponents in the distillate to their molecular weights and vapor pres- 
sures. If these vapors were condensed, equation (12.31) would give: 
the relative weights of the two components in the condensate. 


The process of distillation of immiscible liquids is generally utilised 
in the laboratory and in the industry for the purification of those: 
liquids which boil at too high a temperature or which decompose: 
when heated to their normal boiling points. When water is used as: 
the other liquid, the whole process is referred to as steam distillation. 


/ 
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The immiscible mixture of the liquid to be purified and water is 
heated either directly or by passing steam through it. Generally, 
heating by bubbling steam through the system is preferred because 
it keeps the system agitating and equilibrium between the vapors 
and the two liquids is rapidly attained. The vapors distilling are 
condensed and separated in the pure forms, Thus, it is possible to 
distil many liquids ofhigh boiling points at temperatures below the 
boiling point of water, 


Distillate 


Problem 12.3. The hydrocarbon terpinene was found to distil freely in 
“steam at a temperature of 95°C when the atmospheric pressure. was 744 mm, 


Solution If the terpinene is designated by A, and the wate; i 
‘that at 95°C; the boiling point of the mixture, Pp? is 634 d dod Ra 
sis equal to P—Pp* ie. 744-634—110 mm. The ratio WA4/Wp in equation 
(12.31) is 55/45, since the distillate Contains 55 per cent of terpinene (4) and 
-45 per cent of water (B). It follows, therefore, from equation (12.31) that: 
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...110/M4 
55/45 = 34x18 
634x18x55 
E Ma —35x110 


.*. Molecular weight of hydrocarbon terpinene— 127. 


12.15. PARTIALLY MISCIBLE LIQUID PAIRS 


Liquids, which are partially miscible, form solutions which consider- 
ably deviate from ideal behaviour. Partially miscible liquid pairs 
dissolve in each other only in certain limits. Thus in the case of 
system phenol and water which are only partially miscible, phenol 
will completely dissolve in a large quantity of water to form a 
solution of phenol in water. Ifthe quantity of phenol is gradually 
increased, a stage is reached when a saturated solution of phenol in 
water is formed. Further addition of phenol to water will result in 
the formation of two liquid layers, one a saturated solution of. 
phenol in water and the other a saturated solution of water in phenol. 
Similarly, water will completely dissolve in a high proportion of 
phenol to form a solution of water in phenol. Thus, with high 
proportions of one of the two liquids, it is possible to have a 
completely miscible solution. But if the proportions taken exceed 
the saturation limits, two liquid layers are formed. The two liquid 
layers in equilibrium are known as conjugate solutions and will have 
the same vapor pressures. t has been observed that at constant 
pressure, the mutual solubility of two liquids changes with tempera- 
ture. The three types of liquid pairs, which are obtained in actual 
practice, are (i) with increasing mutual solubility. (ji) with decreas- 
ing mutual solubility, and (iii) with closed mutual solubility. 


1. Type with Increasing Mutual Solubility 


Consider the case of phenol and water. These two liquids are 
partially miscible and form two liquid layers when their proportions. 
are taken outside the saturation limits. The lower layer will consist 
of asmall amount of water dissolved in phenol and the upper layer 
will consist of a small amount of phenol in water. At a given 
temperature, the compositions of the two layers in equilibrium with 
each other ate definite and can be determined experimentally. As 
long as two layers are present together and temperature is constant, 
there will be no change in the compositions of the two layers. The 
addition of small quantities of either phenol or water. will merely 
change the relative volumes of the two layers and not their composi- 
tions. On increasing the temperature, the mutual solubility of two 
liquids in the two layers increases until at a certain temperature, 
the compositions of the two layers become the same. Beyond 
this temperature, the two- liquids are completely miscible. This 
temperature, at which the two partially miscible liquids first become 
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completely miscible, is known as the critical solution temperature 
(CST) or consolute temperature of the system. The composition 
corresponding to CST is known as critical composition. Above 
this temperature, the two liquids are miscible in all proportions and 
thus one layer is possible. In the case of phenol-water system, the 
critical solution temperature is 68.9°C, 


The variation of mutual solubility of water and phenol with 
temperature is shown in Fig. 22.13. 


The curve is more or less of the Shape of a parabola. At any 
definite temperature, the compositions of the conjugate solutions are 
given by points on opposite branches of parabola. Thus, at a 
2 temperature f, the tie line 
, AB gives the compo- 
à One phase region eat of the conjugate 
A SRR SEI solutions; point A re- 

68.9 presents composition of 
water rich layer and point 
B represents the composi- 
tion of phenol rich layer. 
b Between 4 and B, all 

Bur. mixtures yield two layers 

P Twophase | of composition 4 and B. 
region - If Y represents a system 

d b of two layers whose rela- 
Water Weight percent Pheno) tive compositions are 

i given by A and B tes- 

Fig. 12.13. Mutual solubility of water and pectively, the relative 

phenol at various temperatures. Weights of the two layers 
are given by the lever rule, according to which: 


weight of phenollayer distance YA 
weight of water layer distance YB 
Outside the points A and B, two liquids are mutually soluble. 

As the temperature is raised, the compositions of the two conju- 
gate solutions gradually approach each other. This is due to the 
fact that the mutual solubility of the two liquids increases with rise 
of temperature. At the critical solution temperature (point C which 
is maximum of the curve), the two compositions become identical 
and the two layers merge into a single layer. Thus within the 
parabola, the system is heterogeneous and represents the range of 
existence of two liquid layers. Outside this parabola, the system is 
homogeneous and there is only a single liquid layer. Other examples. 
of systems with upper critical solution temperature are: 


Temperature °C 


Water-Aniline (167°C) 
Aniline-Hexane (59.6°C) 
Benzene-Sulphur (163°C) 
Methyl alcohol-cyclohexane (49.1°C) 


Methyl alcohol-carbon disulphide (40.5°C) 
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2. Type with Decreasing Mutual Solubility 

There are certain systems in which the mutual solubility decreases 
with increasing temperature. For such systems, the shape of the 
curve is reverse to type 1 and a lower critical solution temperature is 
observed. A schematic diagram for the system triethylamine-water 
is shown in Fig. 12.14. 
.. As the curve indicates, the mutual solubility of water and triethy- 
lamine increases with de- 
crease of temperature. At a 
temperature of 18.5°C(lower 
consolute temperature) and 
below, the two liquids are 
completely miscible. The 
composition of the solution 
corresponding to the criti- 
cal solution temperature is 
found to be 30% by weight 
of triethylamine. 


Two phase 
region " 


Temperature ——> 


3. Type with Closed 
Mutual Solubility 


In some systems, both Water Weight percent Triethylamine 
upper and lower critical 


One phase region 


; Fig. 12.14. Mutual solubility of water’ 
solution temperatures are 7 " jility 
exhibited.’ For. such à sys: and, rastoyiamine at various tempera- 


tem, there is a closed 
solubility curve. A schematic diagram for the system nicotine- 
water which belongs to this class is shown in Fig. 12.15. 

For this system, the upper critical solution temperature is 208°C 
and the lower critical solution témperature is 60.8°C, Within these 
nity SE n the 
enclosed area, the two 
Code Seay deci 208°C liquids are partially mis- 
cible but outside them, 
they are completely mis- 
cible It was also found 
that the- compositions 
corresponding to the 
two critical solution tem- 
peratures are same (34 
per cent by weight of 
nicotine). : 


Two phase 
region 


Temperature °C 


o It has also been obser- 
One oh ae A: 608°C ved that when external . 
Qo prse TedIOn pressure is applied to 
Water ^ Weight percent ^ Nicotine __ this, the lower critical 
solution temperature ' 


- Fig. 12.15. Solubility of nicotine in water rises and the upper 
at various temperatures. critical solution tem- 
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perature decreases. Thus the area of closed ring becomes smaller and 
smaller with increase of pressure until finally a pressure is reached at 
which it becomes a point and the two liquids are completely miscible. 


Type Without Critical Solution Temperature 

There are some systems which do not exhibit either an upper 
critical solution or a lower critical solution temperature. An example 
of such a system which belongs to this type is the system ethyl 
ether-water. These two liquids are, therefore, partially miscible 
at all temperatures. As a matter of fact, upper critical solution 

, temperature cannot be realised for such systems in which one or 
both the liquids boil away before that temperature is reached. 
Similarly, lower critical solution temperature cannot be recorded 
ifone or both the liquids get frozen before that temperature is 
reached, 

Effect of impurities on critical solution temperature. The 
impurities have a marked effect on the critical solution temperature. 
The effect of impurities on critical solution temperature was first 
Observed by Crismer. It was found by him that if a substance 
dissolves in one of the two liquids, the upper critical solution 
temperature rises and the lower critical solution temperature decreas- 
es further, If a substance dissolves in both the liquids, the upper 
“critical solution temperature will be lowered and the lower critical 
solution temperature will rise. 

The critical solution temperature is so sensitive to minute traces 
of impurities that it can be used as a criterion of purity. Actually 
critical'solution temperature is a linear function of the concentra- 
tion of impurities. 


12.16. VAPOR PRESSURE CURVES AND DISTILLATION 
PARTIALLY MISCIBLE LIQUID PAIRS 


Consider two liquids A and B which constitute a partially miscible 
liquid pair. The vapor pressure 
composition diagram for such 
a system is shown in Fig, 
12.16. 

Starting with pure A, whose 
Vapor pressure is H, an in- 

K crease in the total pressure 
of the system is observed on 

A B adding B. This increase con- 
tinues until point 7 is reached. 

x I, a saturated solution of 

a in A is obtained. Thus 

Fig. 12.16. Vapor pressure-composition along the curve H7, we have 

see of partially miscible liquid a true solution of B in A. 

Similarly, starting with pure B, 


Vapor pressure 


Composition 
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whose vapor pressure is K, an increase in the total pressure of 
the system is observed on adding 4. This increase continues until 
point J is reached where a saturated solution of A in B is obtained. 
Thus, along the curve KJ, we have a true solution of A in B. Since 
along the curves H7 and KJ, only one liquid layer is present, there 
will be two phases (one liquid phase and the other vapor phase). 
In this case, application of phase rule gives: 
F=C—P+2=2—2+2=2 

which means the system is bivariant with two degrees of freedom. 
Thus the pressure will vary with composition even if the tempera- 
ture is fixed or the temperature will vary with composition at a cons- 
tant pressure. At points / and J, there is a formation of two liquid 
layers, one of A in B and the-other of B in A. The vapor pressure 
corresponding to points J and J are exactly similar. Along the curve 
IJ, which represents the range of existence of two liquid layers, the 
total vapor pressure remains constant irrespective of composition. 
Thesame result can also be obtained by applying phase rule accord- 
ing to which: 

F=C—P+2 (There are two liquid phases and 

F=2-—3+2=1 one vapor phase.) : 
` he, the system is univariant having only one degree of freedom. 

This means that only one of the variables, either pressure, tem- 
perature of composition, is sufficient to define the system completely. 
Thus as long as two liquid layers are present, irrespective of their 
relative amcunts, the total vapor pressure of the system at a given 
temperature is constant, 

The above facts can be utilised in carrying out distillation of 
partially miscible liquid pairs. When there is a single liquid layer, 
the boiling point of the mixture will vary with change in composi- 
tion of the both liquid and vapor. Thus when such a mixture is 
distilled at a constant pressure, the less volatile component will be 

_ present in the liquid and the more volatile component in the vapor 
as in the case of completely miscibe liquid pairs. 4 

When two layers are present, the system of all possible composi- 
tions between 7 and J will boil and distil over at a constant tempe- 
rature and the composition of the vapor coming off as well as of 
distillate will also be constant. As soon as one of the two layers 
is used up completely, the boiling point will rise and the composi- 
tion of the vapor and distillate will begin to change continuously as 
in the case of completely miscible liquid pairs. 


12.17. SOLUTIONS OF SOLIDS IN LIQUIDS 


In the case of solutions of solids in liquids, solid is always referred: 
to as the solute and the liquid in which solid dissolves is referred to. 
as the solvent. 


Ifa solution contains at a given temperature as much solute as it 
can hold in the presence of the dissolving substance (solvent), it is. 
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said to be unsaturated. If the solution contains less than this amount 
of solute, it is said to be unsaturated and if contains more than this 
amount of solute, it is said to be super-saturated. The state of a 
solution with respect to saturation can be easily found by adding a 
small amount of the solute to the solution at some, constant 
temperature. If the solute dissolves, the solution is unsaturated and 
if it does not dissolve, the solution is saturated. But if the precipita- 
tion starts, the solution is super-saturated. The super-saturated 
solution contains a larger percentage of the solute than a saturated 
solution at the same temperature although it is said that a saturated 
solution contains the largest possible proportion of the solute at 
the given temperature. In other words, super-saturated solution can 

' be regarded as saturated solution plus excess solute. Super-saturated 
solution is unstable and can easily give up its solute. 


- “The amount of the solid which dissolves in 100 grams of the 
liquid at a particular temperature to give a saturated solution of it is 
known as the solubility of that solid in that particular solvent at that 
temperature." 


` The solubility depends on the nature of the solid and liquid, the 

‘temperature and to a much lesser extent on the pressure of the 
‘system. Thus at the same temperature, different substances will 
thave different solubilities in the same solvent eg., at 20°C, the 
‘solubility of ammonium nitrate in water is 192 gms/100 gms while 
the solubility of mercuric chloride in the same solvent and at the 
same temperature is 6.5 gms/10 gms. On the other hand, the 
solubility of these substances in ethyl alcohol is 3.8 gms/100 gms 
and 47.6 gms/100 gms respectively. Generally, those substances 
which are soluble in water will not dissolve in other solvents and 
vice-versa. Asa rule, inorganic substances are more soluble in 
water than in organic solvents while reverse is in the case of organic 
substances, although there are many exceptions to this rule. 


The temperature has got a significant effect on the solubility of a 
Solute in a particular solvent. For manv salts, the solubility increases 
with rise in temperature but for some substances, the solubility 
decreases with rise in temperature e.g , in the case of substances 
like ammonium chloride, lead nitrate, potassium chloride, potassium 
nitrate etc., the solubility increases with the rise in temperature while 
for substances like calcium acetate and calcium chromate, the solubi- 
lity decreases with rise in temperature. As a matter of fact, the 
direction in which the solubility of a substance in a solvent changes 
with change of temperature depends on the heat of solution. Ifa 
substance dissolves at saturation with evolution of heat, the solubi- 
lity decreases with rise in temperature. On the other hand, if the 
substances dissolve with absorption of heat, the solubility increases 
as tlie temperature rises. This ís in accordance with the Le Chatelier 
Braun Principle. There are some substances in which the solubility 
first increases with rise in temperature, passes through a maximum 
and then begins to decrease with further increase in temperature 
e.g., in the case of calcium sulfate, solubility increases up to 40°C, 
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passes through a maximum at this temperature and then begins to 
decrease with further rise in temperature. Such substances are said 
to show retrograde solubility. 


12.18. THE SOLUBILITY CURVE 


The solubility curve is the curve drawn between the solubility and 
temperature. The solubility curve can take any of the two forms: 
(1) Continuous curve, and (2) Discontinuous curve. 


As a rule, those substances which do not involve any change in 
the nature of the saturating solid phase, are said to have continuous 
solubility curve. This is shown in the curves for substances like lead 
nitrate, potassium nitrate, ammonium nitrate, ammonium chloride, 
sodium chloride, calcium acetate etc. (Fig. 12.17). 


Solubility 


Temperature *C 


Fig. 12.17. Solubility curves of different solids. 


On the other hand, for those substances which exhibit a change in 
the nature of the solid phase, a break appears in the solubility curve 
and the curve is discontinuous. The break in the solubility curve 
occurs at the point where the transition from one form to some new 
form takes place. The temperature corresponding to this point of 
break is known as the transition temperature and is fixed and charac- 
teristic of the solid involved (Fig. 12.18). Thus at the transition 
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temperature, the original solid phase is in equilibrium with the new 
solid phase. 2 


C "wes Temperature °C 


Fig. 12.18. Solubility curve showing retrograde solubility. 


The change in the nature of the solid phase is due to any one of 
the following factors: 


(1) Transformation of one crystalline form. into another form e.g., 
B-rhombic ammonium nitrate is transformed into y-rhombic ammo- 
nium nitrate at a transition temperature of 32°C. 


32°C 
&-rhombic NH4NO;—-rhombic NH4NO; 


Below 32°C, 8 form is stable while above 32°C, y form is stable and 
at 32°C, both forms are in equilibrium with the saturated solution. 


(2) Change from a hydrate to the anhydrous salt e.g., dihydrate of 
re bromide is converted into anhydrous sodium bromide at 
SUC 

50°C 
NaBr.2H;0 = NaBr-+Solution 
(3) Change in the degree of hydration of the solid in contact with 


the saturated solution e.g., in the case of hydrated calcium chloride, 
the following transformations take place. 


35°C 
CaCh.6H20 = CaCl.4H;0 


47°C 
CaCh. 4H20 = CaCh.2H2,0 
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Similarly, in the case of sodium borate, we have: 


61°C 
Na2B407.10H20 = Na2Bs07.5H20 


Solubility 


Fig. 12.19. Solubility curves of hydrates. 


Effect of pressure on solubility. The change of pressure has 
got a little effect on the solubility of a solid in a liquid. According 
to Le-Chatelier Braun Principle, ifa solid dissolves in a liquid with 
decrease of volume, solubility increases with increase of pressure and 
if the solid dissolves with increase of volume, solubility decreases 
with increase of pressure. For example, sodium chloride dissolves 
in water with decrease in volume. Its solubility at 18°C and 1 atmos- 
phere is 26.4 gms/100 gms of water. If the pressure is increased to 
500°C without changing the temperature, solubility of sodium 
chloride rises to 27.0 gms/100 gms of water. Similarly, in the case 
of ammonium chloride which dissolves in water with increase in 
volume, solubility is decreased by 5.1 per cent for a change of 500 
atmospheres in pressure. 

Effect of particle size on solubility. If the size of the particle 
is small, solubility is more. It is due to this reason that when solu- 
tionis prepared, thesolute is generally powdered: to increase the 
solubility. Thus in the case of calcium sulfate, when its particles in 
the original size (2 micron) are dissolved in water at 18?C, its solu- 
bility is 2.085 gms/1000 gms of water..But when the size of the 
particle is reduced from 2 micron to 0.3 micron, the solubility rises 
to 2.476 gms/1000 gms of water at the same temperature. Similarly, 
in the case of barium sulfate, the solubility is almost doubled when 
the particle size of barium sulfate is decreased from 1.8 micron to 

.l micron. 
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i ining 11.7g 
Problem 12.4. Calculate the vapor pressure over a solution containing 
eue and 4.6 g methylbenzene at 50°C, if the vapor pressure of the, pure 
‘components at this temperature fare 3.6X10* Nm^? and 1.12x10* Nm-* res 
pectively. 


Solution, 
I7» 015 
Number of moles of benzene present Tv = 
4.6 
Number of moles of methylbenzene pressure = 79» 70.05 
Hence, 
Total number of moles =0.20 
0.15 
Mole fraction of benzene (x4) 7029-975 
^ 0.05 
Mole fraction of methyl benzene (xg) 2102): 0.25 
Partial vapor pressure of benzene, DA-—XADA? 
=0.75X3.610* 
=2.7x 10‘Nm-* 
Sree ame 
Similarly, i 
_ Partial vapor pressure ot methylbenzene 20.25X1.12x 10* 
—:0.28x 10!Nm-* 
"Thus, 
‘+ Total vapor pressure of the mixture =2.98X 10:Nm-* 


12.19. DISTRIBUTION OF A SOLUTE BETWEEN TWO 
NON-MISCIBLE SOLVENTS (THE NERNST DISTRI- 
BUTION LAW) 


The law deals with the distribution of a solid between two non- 
miscible or partially miscible solvents in contact with each other. 
Consider, for example, the distribution of iodine between two non- 
miscible solvents—water and carbon tetrachloride. Iodine is soluble 
in both these solvents. When a known volume of a solution of iodine 
is shaken for a period of time with carbon tetrachloride, it is found 
that iodine distributes or divides itself between the water and carbon 
tetrachloride layers in such a manner that at equilibrium, the ratio 
of the concentrations of iodine in the two layers is constant at a 
given temperature and is independent of the actual amount of iodine 
present. If Ci is the concentration of iodine in carbon tetrachloride 
layer and C» is its concentration in aqueous layer, then 


CG Kb r $5 « (12.32) 


The constant Kp is known as the distribution or partition coeffi- 
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cient of the system and 
equation (12.32) is known 
as the Nernst Distribu- 
tion Law. According to 
this law, a dissolved 
substance, irrespective of 
its amount, distributes 
itself between two non- 
miscible solvents in con- 
tact with each other in 
such a way that at equili- 
brium, the ratio of the 
concentrations of the sub- 
stance in the two layers is 
constant at any given Fig. 12.20. Distribution of iodine between 
temparature. Some results water and carbon tetrachloride. 


of the distribution of iodine between water and carbon tetrachloride: 
at 20°C are given in Table 12.5. 

Some other examples of the distribution law are the distribution 
of iodine between water and carbon disulphide or chloroform, 
phenol between water and amyl alcohol, bromine between water 
and carbon disulphide, succinic acid between water and ether etc. 


It should be noted that the distribution law in the form of equa- 
tion (12.32) is applicable only to dilute solutions or when the solute 
behaves ideally. For this reason, the dissolved substance should be- 
sparingly soluble in the two solvents so that the saturated solutions. 
are dilute. 


TABLE 12.5, 
Moles of I, per litre Moles of I, per M C, 
of CCk litre of water D= Fo 
(C) (€) s 
0.02 2.35X107* 85.1 
0.04 4.69x 107* 85.2 
0.06 7.03X 10- 85.4 
0.08 9.30x107* j 86.0 
0.10 11.4x107* 87,5 


12.200. THERMODYNAMIC DEDUCTION OF DISTRIBU- 
TION LAW 


: Distribution Law can easily be deduced from thermodynamic consi- 
derations. Consider the distribution of iodine between water and. 
carbon tetrachloride at some temperature, say T°C. If yy is the 
chemical potential of iodine in carbon tetrachloride and pa is its. 
chemical potential in water, then 

t pi=pr+RT In ay 
and pag» -- RT In a; . « . (12.33) 
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where a; and a; are the activities of iodine in carbon tetrachloride 
and water layers respectively. : 
When the equilibrium is established between the two layers at a 
given temperature and pressure, #i=2 and hence it follows that 
B1 --RT In avus 4- RT In a; 
CUBES JW 12.34 
; In” RE 2. (02.34) 
Again, at a given temperature, since the standard chemical poten- 
tial of a substance is constant for a given substance in the particular 
solvents, hence it follows from equation (12.34) that 


a 
In. — Constant 
a 


or 


or ay Constant ... (12.35) 
which is the appropriate form of the distribution law, For systems 
which are ideal, the activity is almost equal to the concentration, 

` hence equation (12.35) reduces to: 


Ci =Constant (Kp) 
C 


which is in agreement with the simple form of the distribution law 
equation (12.32). 

The distribution law is also applicable to the distribution of a 
solute between any two phases other than liquids such as gas-liquid, 
liquid-solid etc. Thus, in the Henry’s Law, which deals with the 
solubility of a gas in a liquid, if the solution is very dilute, m, the 
mass of the gas in unit volume of the solution, is proportional to the 
concentration of the gas in the solution while the pressure p is pro- 


portional to p the concentration in the gas phase. Thus the ratio 


o is essentially the ratio of the concentrations of the gas between 


the two phases—liquid and gas and hence the Henry's law constant 
can be treated as distribution constant. 

It was pointed out by Nernst that the distribution law given by 
equation (12.32) is valid only when the dissolved substance has the 
same molecular form i.e., same molecular weight in both solvents. If 
the solute does not have the same molecular weight in the two 
solvents, the simple form of the distribution law breaks altogether. 
Thus in a given non-miscible solvent pair, if the solute undergoes 
partial association in one of the solvents to form dimers and dis- 
solves in the other solvent without any association or dissociation 
(no change in molecular form), the ratio of the concentrations of 
the solute in the two solvents, as given by equation (12.32), will 
not be constant. For such cases, the distribution law is applicable 
only to the ratio of the concentrations of the species having identical 
molecular weights in the two solvents. 
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Consider, for example, the distribution of acetic acid between 
water and benzene. In water, acetic acid exists mainly as monomers 
ie. as CH3 COOH. However, in benzene, acetic acid is largely 
associated to form dimers i.e., (CH3 COOH) with a relatively small 
proportion of single molecules. Now the partition coefficient for the 
distribution law will be given by the ratio of the total concentration 
of acetic acid in water and the concentration of unassociated acetic 
acid in benzene. Thus in general if a solute associates or dissociates 
in one or both the solvents, the distribution law will be valid only to 
the ratio of the concentrations of common species present in the two 
solvents and not to the ratio of the total concentration in the two 
solvents. For such cases, the distribution law can be Obeyed satis- 
factorily if suitable modifications are made in the distribution law 
equation. This is done as given below: 

Case I, Correction for the association of the solute in one of the 
two solvents. 

Consider the solute represented by the molecular formula A. 
Suppose it exists as such in one solvent (marked as solvent I) in 

- which its concentration is Cy and in the other. solvent (marked as 
Solvent II) exists mainly as the associated molecules, (A)n. Let the 
total concentration in the solvent II be Cz. The equilibrium between 
associated and simple molecules in solvent II is represented by 


(A)n=nA 
Applying the law of mass action to this equilibrium and assuming 
the solution to be dilute, the equilibrium constant K, is given by 


C4, ; 
Ke= +. (12,36) 
Cay io f 
where C4 and C,4, are the concentrations of simple molecules- and 
associated molecules respectively in solvent II. 
Equation (12.36) can also be written as 
Ca VK X Cay 
or C4— Constant X Va, ‘Ayn 


But since the solute exists 
mainly as the associated 
molecules, the concentration 


ide (12.37) 


No change 


of the associated molecules 
can be taken as approxi- 
mately equal toC? the total 
concentration in the solvent 


II. Equation (12.37) there- > 


fore, becomes 


Ca=constant x V Cz 
s. (12,38) 
Again, since the distribu- 
tion law is valid only to the 
tatio of the concentrations of 
similar molecular species 


DA CAS 


A Solvent | 


A Concentration 
I 
i Ci 


Association 


Solvent II 
Concentration 


C2 


Fig. 12.21, Association in one of the 
two solvents. 
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present in the two solvents, therefore, 
Ci 
C4 
Substituting the value of C4 from equation (12.38) into equation 
` (12.39) we get 


—Constant „e + (12.39) 


€i : 
VG =Constant ... (12.40) 


Equation (12.40) can be tested by applying it to study the distribu- 
tion of benzoic acid between water and benzene. In this case, it is 


Phan Gr Ci 
found that the ratio G8 not constant but V6 
stant over a range of concentrations. This indicates that value of n in 
equation (12.40) is 2 and benzoic acid exists mainly as (CsHsCOOH)z 
in benzene. 

In order to know n, equation (12.40) is tried for different values 
of n on the experimental data. Taking logarithm of equation (12.40), 
we get f 


remains con- 


log Cat log C24-constant 
If a graph is plotted between log Ci and log C2, we should get a 
straight line with the slope equal to L, 


Case II. Correction for the dissociation of the solute in one of the 
two solvents. 


Consider again the solute 
No change represented by the molecular 
form A. Suppose it dissolves 
Solvent in solvent I without any 
Concentration change in the molecular form 
Ç and dissociates into. the 
species B and C in solvent II. 
bet * be Me concentration 
of undissociated molecules in 
A Z> B+C Solvent I solvent I and C, the total 
Concentration concentration in solvent II. In 
Cz solvent Il, if « is the degree 
of dissociation of the solute, 
Fig. 12.22. Dissociation in one of the the concentration of undis- 
two solvents. sociated molecules will be 
e IS . —7 Ca (1—o). The equilibrium 
between undissociated and dissociated molecules in solvent II is 
represented by j 
4o mu L6 
CX1—a) Ca Cx 


Dissociation 
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Therefore, from distribution law, 
Ci 
CX1—a) 
Similarly, if the solute is dissociated in both the solvents, distribu- 
tion law becomes 
Ci(1—21) 
CxX1—2;) 
where «1 and «2 are the degree of dissociation of the solute between 
solvent I and solvent II respectively. 


—Constant. 


=Constant 


12.21. APPLICATIONS OF THE DISTRIBUTION LAW 


The distribution law has been successfully applied to the study of 
problems of both theoretical and practical interest. Some of its 
useful applications in physical chemistry are given below: 

(i) Study of association or dissociation of a solute in a 
solvent. As discussed above, the distribution law can be employed. 
as'an important tool in deciding whether a solute is associated or . 
dissociated in any particular solvent and to what extent association 
or dissociatíon of the solute takes place. i 

If a solute is associated in one of the solvents in which its con- 
centration is C2 and remains in its normal form in the other solvent 
where its concentration is Ci, then partition coefficient is given by 


Cı 
Ve. 
where n is the number. of simple molecules which combine to form 
one associated molecule. 


Similarly, if a solute is dissociated in one of the solvents: in which 
its concentration is Cz and does not undergo any change in the other 
solvent in which its concentration is Cı, then the partition coefficient 


is given by 


Kp 


Ci 
C21 apie’ 
where « is the degree of dissociation of the solute in the solvent. In 
the case of electrolytes, the distribution law cannot be easily applied 
to determine the degree of dissociation. This is due to the difficulty 
in finding a pair of non-miscible solvents which can dissolve the 
electrolyte. _ 
(ii) Determination of solubilities. Since at equilibrium, both’ 
the non-miscible solvents are saturated with the solute, it is, there- 
fore, possible to write down the distribution law as follows: 


€ sis! 
os ^e 
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where S; and S, are the saturation solubilities of the solute in the 
two solvents, 


` Thus, from a knowledge of partition coefficient, it is possible to 
determine the solubilities of a solute. 


(iii) Study of chemical equilibria leading to the formation 
of complex ion. The distribution law can be successfully applied in 
determining the equilibrium constants of many reactions like the 
hydrolysis of chlorine (H20--CI;—HCI--HOCI) and other salts, 
formation of complex, Cu(NH3)s, in ammonical solution of copper 
sulphate in water, the reaction between iodine and iodide ions etc. 
In such studies, the other solvent which is generally chosen is that 
which can dissolve one of the reactants or products such as benzene, 


carbon disulphide etc. 


Consider, for example, the equilibrium given as below: 
KI+heKh 
or - +h 
In order to determine the equilibrium constant of this reaction, 


first of.all distribution coefficient (Kp) of iodine is determined by 
studying its distribution between carbon disulphide and water. 


A solution of iodine in carbon disulphide is then shaken with an 
aqueous solution of potassium iodide so that iodine distributes 
itself between carbon disulphide layer and the aqueous layer. In the 
aqueous layer, iodine combines with potassium iodide to forma 
complex ion KI~; as shown in Fig. 12.23. 


I: +KI == KI, 
Potassium iodide 
! layer 


Carbon disulphide 
layer 


Fig. 12.23. Study of complex ions, 


By knowing the concentration of iodine in the carbon disulphide 
layer at equilibrium and the distribution Coefficient, concentration 
of free iodine in the potassium iodide solution can be easily calcu- 
lated with the help of distribution law. 


If the initial concentration of potassium iodide solution is given, 
then the concentration of I- and L- at equilibrium can also be 
«calculated easily. The equilibrium constant for the reaction 


Iba 
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is then given by 
15] 
k= 
It] [12] 


where all the terms in the brackets stand for the concentrations of 
various species involved. 


(iv) The process of extraction. The distribution law finds 
numerous applications in the process of extraction of a solute from 
a solvent both in the laboratory and in industry. 


In the laboratory, the process of extraction is utilized to separate 
a dissolved substance from a solution whereas the other methods 
such as distillation, etc., fail due to various reasons. This is done 
by shaking the solution ‘containing the dissolved substance with some 
suitable solvent in which the required substance is more soluble and 
the solutions separated. The solvent is then easily removed by 
distillation. Similarly, in industry, extraction. is used to purify 
various substances such as petroleum oils by treating the impure 
product with a suitable solvent in which the i impurity is more soluble. 
Usually organic compounds are more soluble in organic solvents 
while inorganic substances are more soluble in polar solvents such 
as water. Thus when an organic substance is to be separated from 
an aqueous solution, the solution is shaken up with an appropriate 
organic solvent such as ether, benzene, chloroform etc., which is 
immiscible with water. The substance will distribute itself between 
the two layers (aqueous layer and organic layer) in such a way that 
a larger amount of it will remain in the organic layers. The two 
layers are then separated and water layer is again shaken up with 
more organic solvent. On repeating the process of extraction several 
times, it is possible to recover almost whole of the organic substance 
from the aqueous solution. 


It can be easily shown that extraction is more economical and 
efficient if the given volume of the solvent is not used in one opera- 
tion but is used in several instalments, each time separating the sol- 
vent. Suppose 100 ml of an aqueous solution contains A grams of ` 
succinic acid and 100 ml of the ether is available at our disposal for 
extraction. Let the distribution coefficient of succinic acid between 
ether and water is 5. Ifthe entire 100 ml of ether is used for a 
single extraction, then W, the amount of succinic acid that passes 
into ethereal layer is given by the distribution law: : 


rl and 
100 
5 
or W=—-A 


i.e, only 83.3% of succinic acid is recovered. 
On the other hand, iftwo successive extractions are made using 
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50 ml each time, then W1, the amount of succinic acid that passes 
into the ethereal layer in the first extraction. is given by 
Wi 
50 
Enc ue 
A—W, 
100 
Of. w= $A 
ie., 71.475 of succinic acid is recovered in the first extraction. 


Similarly, W2, the amount of succinic acid recovered in the secon ! 
extraction is given by 


W; 
meses ua 
(A—$A)—W2 . 
100 
10 
or Wa—-4 


i.e., 20.4% of succinic acid is recovered in the second extraction. 


Thus we see that if 100 ml of ether is to be used for a single extrac- 
tion, only 83.3% of succinic acid is recovered but if the same 100 ml 
of the ether is used in the two extractions, the amount of succinic 
acid extracted increases to 91.8%. It can be shown that if extraction 
is carried out 10 times, using 10 ml of ether each time, the amount 
of succinic acid recovered will be much more. 

Hence, it can be generalised that the process of extraction is much 
more complete and economical if it is carried out in several opera- 
tions with a given volume of the solvent. 

Let us consider a solution containing W gms of a solute in V ml 
of the solution. Suppose this solution is repeatedly extracted 
with v' ml of pure 'immiscible solvent. Let JW, is the weight of the 
solute left unextracted at the end of first extraction. Then the 
concentration of the solute in the original solution is W/V and 
Aid 2 will be the concentration of the solute in the extracting 


liquid. If Kp is the distribution Coefficient of the system, then 
according to the distribution law, assuming no complications of 
association or dissociation of the solute with the solvent, 


W/V 
wm, Ko ++ (12.41) 
y 
Solving for W;, one gets 


p KoV 
Maw (or) ++. (1242) 


eee 
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Similarly, W2 the weight of the solute left in the original solution at 
the end of the second extraction with the same quantity of the 
solvent is given by 


] m=m( er) isss (12.43) 


Substituting the value of W, from equation (12.42) into equation 
(12.43), one gets - 
KpV 2 j 
= — R we (12.44 
m w( KoV FV ) PM 
Similarly, at the end of n extractions, the weight fof the solute Wn, 
left unextracted is given by r 


ey fios o N 4 
WW (ene) 1:12:45) 


If on the other hand, all the extracting solvent had been used in a 
single operation, then 


Wn 
V 
W-W, -*» 
nv’ 
(P KoV 
or Wee r) . . . (12.46) 


In equation (12.46), since the quantities Kp, V and W are constants 
for a given system, the magnitude of Wn will depend on v' and n. In 
order to attain a greater extracting efficiency with the given volume 
of the solvent, W, must be as small as possible. This can be possible 
by keeping v’ small and n large, rather than the reverse. In other 
words for a given volume of extracting solvent, it is always more 
economical and efficient to carry out extraction in portions with 
small amounts of the solvent, rather than using all the solvent in a 
single extraction. 

In the Parke's process for the recovery of silver from argentiferous 
lead, molten zinc is added in instalments to molten argentiferous 
lead. Silver present in the argentiferous lead distributes itself bet- . 
ween lead and zinc and two immiscible layers are formed. Since the 
partition coefficient of silver is 300 times more in zinc than in lead, 
more of silver will pass into the zinc layer which is separated. If 
this process is repeated several times, practically àll the silver passes 
into the zinc layer from which it can be easily recovered. The same 
principle can be applied to washing of precipitates in which case the 
distribution of impurity takes place between wash liquid and the 
precipitate. 

Problem. 12.5. The distribution ratio of iodine between carbon disulphide 


and water is found to be 625. When iodine is distributed between carbon 
disulphide and a 0.125 molar solution of KI, the concentration of iodine in 
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the former layer is found to be 0.1896 mole per litre, the total concentration 
in the aqueous KI layer is 0.02832 mole per litre. What is the concentration 
0! 17, ion in the latter layer? 

Solution. The concentration of free T, in the KI layer must be equal to the 
concentration in the carbon disulphide divided by the distribution ratio for 
free iodine i.e. 0.1896/625 mole per litre; hence 

Conc. of I, in KI layer= 9.1898 0.000303 mole per litre. The total con- 
centration of iodine in this layer is 0.02832 molar, and so the concentration 
of I7, ions is X 

0.02832—0.000303=0.028017 mol per litre. 

Problem 12,6. An aqueous solution contains 0.20g aspirin (CyH,O,) in a 
50 ml solution. To this solution is added 20 ml of ether, and the mixture is 
shaken and allowed to come to equilibrium at 25°C, At this temperature 


C 
Kp- Seher a47, (a) How much aspirin remains in the aqueous phase? 
H,O 

(b) If the extraction is carried out with two successive 10 ml portions of ether, 
how much aspirin remains unextracted? 

Solution. (a) The aqueous solution originally contained 0.20 g/180=0.00111 
mole aspirin. Let x be the number of moles of aspirin extracted by 20 ml ether. 
Then, from equation (12.32) 


x 
g 20 9o ma 
Kp- (filer n VON Bot 
MOSA NENA 


which gives x=0.00073, the number of moles of aspirin extracted, Therefore, 
(0.00111— 0.00073) 20.00038 moles of aspirin remain in the water solution. 


(b) Let y is the number of roles of aspirin extracted with the first 10 ml 
portion of ether. Then, as in part (a), 


y 


id 10 =47 
0.001lI—y ' 
50 
which gives y—0.00054 mole of aspirin. extracted. Therefore, (0,00111—0.00054) 
=0,00057 mole of aspirin remains in the water solution. Again if z is the number 
of moles extracted with the second of 10 ml portion, then, 


zZ 
io 
(0.00057—z) 
50 
which gives z=0,00028 mole of aspirin extracted. Finally, the amount of aspi- 
rin remaining unextracted is 0.00029 mole. A comparison of the results in (2) and 


(b) shows that the extraction with two successive 10 ml portions is more efficient 
than is in a single extraction with the whole 20 ml. 


247 


PROBLEMS 


1. Define and explain the term ‘solution’, What are the different ways of 
expressing the concentration of a solution? 
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2. State and explain Henry's Law. In tan ideal dilute solution, if p° is the 
vapor pressure of the solvent and K; is the Henry's Law constant for the solute, 
write the expression for the total pressure over the solution as a function of x, 
the mole fraction of the solute. 


3. Suppose that the vapor over an ideal, solution contains n moles of 1 and 
n, moles of 2 and occupies a volume V under the pressure P=P,+P2._ If we define 
V,°=RT/p,° and Vj? — RT/P*,, show that Raoult’s law implies Van V+, Ves 

4. Benzene and toluence form nearly ideal solutions, If at 300K, p°toluene 
= 32.06 mm and p°benzene= 103.01 mm. 


(a) compute the vapor pressure of a solution containing 0.60 mole fraction 


toluene. 
(b) calculate the mole fraction of toluene in the vapor for this composition of 
liquid. Ans. (a) 60.40 mm (5) 0.318). 


5. A mixture of C,HCH; and C,H, contains 30% by weight of C,H;CH;. 
At 30°C, the vapor pressure of pure C,H,CH, is 36.7 mm Hg while that of pure 
C.H, is 118.2 mm. Assuming that the two liquids form ideal solutions, calculate 
the total pressure and the partial pressure of each constituent above the solution 


at 30°C. 


Ans. Pou, =86.7 mm; Proral=96.5 mm. 


6. Explain the terms ‘‘upper consolute temperature" and ‘lower consolute 
temperature." Discuss the variation of mutual solubility of nicotine and water 
with temperature. 


7. Konovaloff’s rule states: ‘‘The vapor in equilibrium with a binary liquid 
mixture is richer in that component whose addition to the liquid mixture (at 
constant temperature) increases the total vapor pressure." Discuss whether 
this rule applies to the boiling point versus composition diagrams exhibiting 
a maximum or a minimum. Does the rule apply to the azeotropic mixtures? 


8. Discuss the principle of 
(i) Steam distillation; 
(ii) Fractional distillation of a miscible liquid pair. 
9. An organic liquid which is immiscible with water is steam distilled at 
80°C and at 751 mm Hg. The distillate is found to contain 71 per cent by 


weight of the organic liquid. The vapor pressure of water at 80°C is 355 mm Hg. 
Calculate the molecular weight of the organic liquid. FES, 
ns. 39. 


10. Chlorobenzene (112 g/mol) is steam distilled at 734 mm at 90*C. The 
vapor pressure of chlorobenzene and steam at 90°C are 208 and 526 mm res- 
pectively. Calculate the weight of steam required to distil 500 gms of chloro- 


benzene. ‘ 
Ans. 203g. 


11. Calculate the mole fraction, molal and molar concentrations of a solution 
containing 24 per cent acetic acid by weight in water, if the density of the solu- 
tion at 20°C is 1.026 g/ml. 

Ans. X,—0.0697; m—4.16; M=3.4. 

12. The Bunsen absorption coefficient of oxygen in water at 19.94°C is 
0.03097 atm-!, How many moles of oxygen from air (21 per cent by volume 
O;, 79 per cent by volume N,) at a total pressure of 1 atm could be dissolved 
in 1 litre of water at that temperature? 

Ans. 0.000290 moles O, dissolved per litre water. 

13. At 30°C, 244.0 ml of water dissolved 2.265 ml of helium (measured at 
30°C and 1 atm). Evaluate «, the Bunsen absorption coefficient, for helium at 
this temperature, 

Ans. 0.00836. 
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14. State Nernst Distribution law. Derive an expression for determining the 
degree of association of a substance, which undergoes association in one of the 
two liquids. á 

15. On shaking various amount of I, with CCl, and H,O mixture, the con- 
centration of I, in the two layers was found to be: 

Conc" of T, in CCl, 6.12 12.24 15.2 22.38 
Conc" of T, in H,O 0.072 0.143 0.178 0.260 
Calculate the value of partition coefficient. 
Ans. 85.0, 85.6, 85.2, 86.1. 
~- 16. (a) Deduce the general expression for extraction of a solid from solu- 

tions of v c.c. each. 3 

(b) A volume of 50 ml of aqueous solution of iodine containing 4 mg of 
Todine is shaken with 10 ml of CCl, which is allowed to separate. (a) Calculate 
the quantity of iodine left behind i; water layer (b) If a second extraction is 
made using another 10 ml of CCl,, calculate the quantity of iodine left behind 
after the second extraction. Given that the distribution coefficient of iodine 


between CCI, and water is 85. 
Ans. (a) 0.222 mg (b) 0.012 mg 


17. Prepare a liquid-liquid phase diagram for the system of partially 
miscible liquids 4 and B, where the (weight per cent B) at various temperature 
are: : 


TC 0 10 20 30 40 
(wt% Bh 30 37 45 53 64 
(wt% B) 94 90 87 84 80 


(a) What is the critical solution temperature? 

(b) If a mixture containing 0.0600 kg of B and 0.0400 kg of A was at 25°C, 
what is the composition of the two phases in equilibrium and how much of 
each phase is present? 

Ans. (a) 46°C 
(b) 0.0702 kg of the phase having composition 49 per 
cent B and 0.0298 kg of the phase having compo- 
sition 86 per cent B. 

18. Explain the following: 

(a) Effect of particle size on solubility. 

(5) Insolubility of naphthalene in water. 

(c) Insolubility of glucose in benzene. 

(d) Effect of rise in temperature on solubility of a substance. 

19. What are the similarities and dissimilarities in steam distillation and 
vaccum distillation? ` 

20. Comment on the following: 

(a) Like dissolves like. 

(6) ^n ionic solid dissolves in water when hydration energy is more than the 
lattice energy. $ 


a aa, 


Chapter 13 


COLLIGATIVE PROPERTIES OF SOLUTIONS 


13.1. INTRODUCTION 


It has been observed that any solution containing some non-volatile 
solute exhibits the four properties: namely, (i) Vapor pressure lower- 
ing of the solvent, (ij) Boiling point elevation of the solution, (iii) 
Freezing. point depression of the solution; and (iv) Osmosis and 
osmotic pressure of the solution. These four properties are collecti- 
vely known as the colligative properties of solution. A colligative 
property is that property which depends only upon the number of 
solute particles present in the solution and in no way depends upon 
the chemical nature of these particles. The solute present should not 
undergo any association or dissociation. If there is association of 
solute particles, the number of particles actually added will become 
less and co£respondingly, the properties mentioned above will be 
lowered. Similarly, if the solute particles are dissociated as in the 
case of electrolytes, the number of particles become larger than the 
original number and the value of the colligative properties become 
higher. Therefore, for such solutions in which the solute particles 
undergo association, or dissociation, some modification is essential 
over the laws deduced for solutions in which the solute particles . 
are not associated or dissociated. While discussing these properties, 
itwill be assumed thatthe solutions are very dilute and are ideal 
ie., the interactions between the solute particles are negligibly 
small. 

The study of these properties has proved very helpful in the 
determination of molecular weight of the dissolved substances which 
are non-volatile. 


132. VAPOR PRESSURE LOWERING OF THE SOLVENT 


Whenever some non-volatile solute is added to a liquid solvent, 
vapor pressure of the solvent is lowered. This can be easily explained 
with the help of Raoults’ Law. Consider any solution containing 
some non-volatile solute and let Y; and X2 be the mole fractions of 
the solvent and the solute respectively. If P° is the vapor pressure 
of the pure solvent and P is the vapor pressure of the solvent above 
the solution, then according to Raoult's Law : 


P=P°X ; ENN) 
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Since X; is a positive quantity and is smaller than unity, there- 
fore, P the vapor pressure of the solvent above the solution is 
always less than P^—the vapor pressure of the pure solvent. Hence, 
it can be said that whenever a non-volatile solute is added to a solvent, 
the effect is the lowering of the vapor pressure of the solvent. 


The decrease in vapor pressure, A P, is given by 


AP-P'—P 
Since from equation (13:1), P=P°X; 
Therefore, — AP=P°—P°X, , +. (13.2) 
E —P'(1—X) 
But Xj+X2=1 or 1—X1— X2 
Hence equation (13.2) becomes 

AP=P°X2 (13:3) 
This equation can also be written as 

A c =X, ... (13.4) 
The quantity ae i known as the relative lowering of vapor 


pressure. It can readily be seen from equation (13.4) that the relative 
lowering of vapor pressure is a colligative property as it depends 
only on the mole fraction of the solute, M 

Equation (13.4) can be utilised to calculate the molecular weight 
ofthe solute if the vapor pressures of the pure solvent and the 
solution are known as follows: ; = 


Since the mole fraction of the solute, Yo— —2. 
mn 


where 7 is the number of moles of solute and nı is the number of 
moles of solvent, n, and m are given by 
_mM 
che 

Wr is the weight of the solute of molecular weight M2 and Wi is 
the weight of the solvent of molecular weight Mı. 

Therefore, equation (13:4) becomes 


IP Due na W.|M, 


Pe Unna MMA WM es 03:5) 


Since the solution under consideration is very dilute, m< <n; 
and m --nzm 


m= -— and n 


Thus 


p? W 
or Ma=( pp \( Jm -.. (13.6) 
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Ifallthe quantities on the right hand side are known, M; the 
molecular weight of the solute can be easily calculated. 


Thermodynamic Deduction of Raoult's Law 
The relation 
P°—P 
p? -=X2 
can be deduced thermodynamically as follows : 


The chemical potential of the solvent in the liquid phase of the 
system is given by 


wliq)=p° (li)--RT inX 
or =p° (lig)- RT In (1—X2) 0 (13.1) 
and the chemical potential of the solvent in the vapor phase above 
the solution is given by 
p (vap)=p° (vap)+ RT In P «o 5(13,8y 
At equilibrium, the chemical potential of the solvent in the vapor 
and liquid phase must be equal i.e., 


p (vap)=z (liq) 


or u*(vap)--RT In P=p° (lig)-- RT In (1 —X2) ... (03.9) 
when X2—0, P=P° so that 
u° (vap)-- RT In P°=p° (lig) -.« (13.10) 


Subtracing equation (13.10) from equation (13.9), we have 
RT In P—RT In P°=RT In (1—X2) 


or In P/P°=In (1—X2) 
or E =1 ae 
Substracting both sides from unity, we get 
1-55 -1—0—3X) | 
or P =X2 


Problem 13.1. When 18.04g of the sugar alcohol mannitol were dissolved in 
100g of water, the vapor pressure of the later at 20°C was lowered from 
17.535 mm to 17.226 mm of mercury. Calculate the molecular weight of + 
mannitol. 

Solution. In this case, W,is 100 gand M,, the molecular weight of water 
is 18.02; W4 is 18.04g. The values of P? and P are 17.535 and 17.226 mm 
respectively. The relative lowering of the vapor pressure is obviously independent 
of the units used for the vapor pressures, provided P? and P are expressed in the 
same units. Hence by equation (13.5) 


PoP _ W,lM; 
Pw WM, WM; 
17.535—17.226 _ 18.04/M, 


17535  (100/18.02)--(18.04/M,) 
or M,=181 


Measurement of vapor pressure lowering. Since the value of 
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Vapor pressure lowering is very small, it is not convenient to mea- 

sure the vapor pressure of the solvent and the solution separately by 

the methods described under vapor pressure in Chapter 4 and sub- 
.tracting the two values. The lowering of vapor pressure of the 

Solvent can be accurately determined by either of the two methods: 
(i) Static method, and (ii) Dynamic method. 

In the static method, the vapor pressure of the solvent is deter- 
mined in the usual 
manner by the barometric 
technique and then the 
lowering of vapor pres- 
sure is measured directly 
with the help ofa diffe- 
rential manometer. One 
arm of the manometer is 
connected to the solution 
and the other to the pure 
solvent. Some non- 
volatile liquid of low 
density is used as the 
manometer indicator and 
the difference in vapor 
pressure is determined 
directly from the diffe- 
rence in level of the 
liquid in the two arms. 


In the dynamic method, 
the gas saturation (or transpiration) method is generally employed. 
In this. method, a steam of same volume of dry gas, say air, is 
passed through (i) the solution, (i) the solvent, and (iii) suitable 
absorber to absorb the vapor of the solvent. Generally, anhydrous 
calcium chloride is used as an absorbing agent. 


From the losses in weight of the solution and solvent and gain in 
the weight of the calcium chloride tube, the relative lowering can be 
calculated without actually determining the vapor pressure of the 


Solvent 


Fig. 13.1. Differential Manometer. 


= c c c 
*— Solution —* *—— Solvent ——> 7— Weighed ————» 
CaCl, tubes. 
Air saturated to Ps Po, Increase in weight « P^ 


Loss of weight « Ps P'—-PS 
Fig. 13.2. Ostwald and Walker's apparatus. 


Me 
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solvent and. solution separately. The apparatus required is shown: 
in Fig. 13.2. 

The solution is placed in three wash bottles 4 and pure solvent is 
placed in other three wash bottles B. They are followed by calcium 
chloride tubes. Air is then bubbled gradually to ensure that it gets 
saturated with the vapor in the bulb. iz 

The weights of wash bottles containing the solvent and calcium 
chloride tubes are determined before and after the experiment. 

The difference in weight of the solvent bottle oc P°—P, and the 
difference in weight of the calcium chloride tubes oc P^, i; 
Loss in weight of solvent WB sos 
in in weight of CaCl, tubes p 


Therefore, Ga 


13.3. BOILING POINT ELEVATION OF SOLUTIONS- 


Boiling point ofa liquid is defined as the temperature at which the 
vapor pressure of the liquid becomes equal to the confining pressure. 
It has been found that whenever some non-volatile solute is added 
to a liquid, its boiling point becomes higher. The difference between 
the boiling point ofthe solution and the boiling point of the pure 
solvent at any constant pressure is known as the boiling point 
elevation of the solution. Boiling point elevation is a direct 
consequence of vapor pressure lowering ofthe solvent by a non- 
volatile solute and can be readily explainedin terms of it. Consider 
the “vapor pressure—temperature?’ curves for the pure solvent and 
solution as shown in Fig. 13.3. 

In the diagram, curve AB represents the variation of vapor pres- 
sure of pure solvent with temperature. Similarly, curves CD and EF 
Tepresent the variation > 
of vapor pressure of 
two solutions of diffe- 
rent concentrations 


with temperature 
(Solution II is more 
concentrated than 


Solution I). The cur- 
ves CD and EF must 
be below AB at all 
temperatures because 
the vapor presssure of 
solution is always 
lower than the solvent. 
Theboiling points of 
pure solvent, solution 


» S Fig. 133. Vapor pressure curves for solvent 
I and solution II. at and solution. 


the Dee external pressure (1 atmosphere) are To, T, and T, respec- 
tively. 


It is evident from the diagram thatthe elevation of boiling point 
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of solution I, AT5,—T,— To is represented by distance GH and that 
of solution IL, AT), —T2— To is represented by G7. 

Points G, J and K represent the vapor pressure of pure solvent, 
solution Land solution II, respectively at the same temperature, To. 
The vapor pressures corresponding to these points are P^, P; and 
Pa respectively. The distances GJ and GK represent the lowering 
of vapor pressure of solution I and solution If and are given by 
(po— P1) and (P9—P») respectively. 

Sincethe solutions are dilute, their vapor pressure curves are 
nearly parallel to the vapor pressure curve for pure solvent; parti- 
ularly in the region of boiling point and to a good approximation 
‘may be considered to be straight lines. 

Triangles GHJ and GIK are similar. 

From analytical geometry, 

GH _ GI 

GI GK 
GH=ATp, for solution I=T,—To 
GI— AT;, for solution II—72— 7o 
GJ— AP, for solution I=P°—P, 
GK- AP. for solution N=P°—P2 


"Therefore 
T,—T»  P'—Pi 
T,— To = PoP, 
AT, "T AP: 
er ATs, 0 INPà 


Dividing the numerator and denominator of the right hand side 
of this equation by P9, we get 
AT, b ARPı[P? 
ATi o ANPES 
This equation indicates that the boiling point elevations for th 
wo solutions are in the same ratio as their relative lowering of vapor 
ressure and hence boiling point elevation is directly proportional to 
the relative lowering of vapor pressure in dilute solution, i.e., 


AT« ar 
AP : 
Further, -po 742; mole fraction of the solute 
Therefore, ATs Xg 
or ATy—AX5 


where A is a constant of proportionality. 


. S L e : : 
Again Xp QURE (since the solutions are very dilute) 
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where ng is the number of moles of solute and n4 is the number of 
moles of solvent 

np — WsalMg. 
ang : na WalMa 
where the terms W and M represent the weights and molecular 
weights of the respective constituents, 


_ , WeMa 

Hence ATh=A Wan 
£= La La io i 
=AMa, Me OW; 


Since Mz is constant fora particular solvent, both constants A 
and Ma are amalgamated into a single constant, kp. 


Thus ATy—k ay, iS Wa -. + (13.11) 


The constant ky is known as the ebullioscopic constant or boiling 
point elevation constant for a solvent and signifies the boiling point 
elevation for one mola] solution of a solute in a solvent, i.e., 


ATs=ke if 4 (=ns)=1 and W4=1 gram. - 

.If one mole of the solute is dissolved in 1000 grams of the sol- - 
vent, the constant is known as the molal elevation constant and is 
defined as the elevation in boiling point obtained on dissolving one 
mole of a non-volatile solute in 1000 grams of the solvent. In terms 
of molality, equation (13.11) can be written as 


za e dde 
AT»—Ky. UM Wa x 1000 2s (13,12) 
k 
where K= an 


3 Wa 1 
The quantity MS Ww. X 1000 is known as the molality (m) of 
the solution. 


Thermodynamically, it can be showed that 
RT? 
Kj— SAIO + (13.13) 


where R is une usual gas constant and is equal to 1.987 calories, To 
is the boiling point of pure solvent on absolute scale and Ah, is the 
teat of vaporisation per gram of tbe solvent. 


Thermodynamic method. Equation (13.11) can also be deduced 
thermodynamically. This derivation will give the value of the 
constant Ka, in terms of the properties of the solvent. 


Consider the curves AB and CD in Fig. 13.3. Since points J 
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and H represent the vapor pressure of solution corresponding to 
temperatures To and T, respectively, then from Clausius-Clapeyron 
equation, 


po ai T1—To ) E 13.14y 


ep aOR \ To 


where P° js the vapor pressure of the solution at temperature 7i 
and P; is the vapor pressure of the solution at temperature To. Ris 
constant and its value in calories is 1.987. AH, is the heat of 
vaporisation per mole of the solvent from the solution. But since 
the solution is dilute, it can be taken as heat of vaporisation per 
mole of the solvent. Moreover, for dilute solution, Tı is not very 
different from 7o and T; To may be written as To?. (Tı— Tv) is the 
boiling point elevation and is equal to A 7». 
Therefore, equation (13.14) becomes 


Pi AH, ATO 

Pi ‘Po = R To So OH) 
In equation (13.15), P, is the vapor pressure of solution at tem- 

perature To and P? is the vapor pressure of the pure solvent at the 

same temperature. If Y4 is the mole fraction of the solvent and 

Xp is the mole fraction of the solute in the solution, then from 

Raoult's Law, 


Pi— P9X4—P*(1— Xa) 


or ft (= Xs) . . (13.16) 
Substituting this value in equation (13.15), 
Lm ox Ae. AT 
In (1—Xs)— = 72 Ses 13912) 
H A n 3 
Now, In (i — X) Aa XE... 


Since Xz is small for dilute solution, 
In (1 —Xp)m —Xnp 
Therefore, equation (13.17) becomes 


pm AH, ? ATs 
Beer To? 
h RT? s 
or Teens AG Maes. 
ATs AH, B (13.18) 
This result can also be obtained by applying chemical potential 
concept as shown below: Š 


Since at equilibrium, the chemical potential of the: solvent in the 
solution (liquid phase) is equal to the chemical potential of the 
solvent in the vapor phase, we have 


vig (T, P, X4)=pvop (T, P) 
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But, since the solution is ideal, uz; (T, P, X 1) is given by 
ulia (T, P, X4)=b tig (T, P)H-RT In Xa 
Hence, wng (T, P)+RT In X4=pyap (T, P) 
L. Mvap (T, P) —u^nig (T, PY 
or In X4 CU C RIO EE 


The molar free energy of vaporisation is 
A Grap = rap (T, P)— pia (ze P) 
— AGa 
so that /n Xa= RT 


Differentiating this equation with respect to X4, keeping the pres- 
sure constant, we get K 
1 1 e( /NGyap ) oT 
E DE T 0X4 
oT EX 


Xa SR 
f Using the Gibbs-Helmholtz relationship (9.50), this takes the: 
orm : 


jd. -AH,[ oT 
NA SO IRTANWGOYA: p. 
which on integration yields 
XA D 
aX 1 H, 
(= a xl qi 4T 
1 T, 


where the lower limit corresponds to pure solvent with a boiling 
point 7o and the upper limit corresponds to a solution with boiling 
point 7;. The integration is done on the .assumption that A, is 
independent of temperature: 


Econo rs taper 
tn Xa — E (— 0 ) 


To 
di Ax Ti—To ) 
SA SUR NST OTS 
But Tı — To= AT; and ToT== To? 
H, 
Therefore, /n Xun - ATs 


For a very dilute solution, In Xa=/n(1—Xz)=—Xp 
x AH, 
Hence, -Xs =— RT? ATs 


RT? 


NH 


or AT,= 
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again Xs nang ~ na Mp Wa 
2 LATO Walla 
Me &Ty- AH» WaMs 
MER Torg o Dae 
or ATs= Aly Maa «s (13:19) 
AH, 


where A/y is equal to T and is the heat of vaporisation per 


* gram of the solvent. 


The common practice in boiling point elevation is to express the 
concentration in terms. of molality i.e., the number of moles of 
solute per 1000 grams of the solvent. In the solution under consi- 


deration, we is the number of moles of solute dissolved in Wa ' 


grams of the solvent. 
Molality (m) is given by 


COMIS Ta 
ms. Wa x 1000 
Wa ideo 
or EEE ... (13.20) 
Substituting this value in equation (13.19). 
[RT 
An-( 000 A. Iz <. (13:21) 


For any given solvent, all the quantities in the bracket are cons- 
tant and, therefore, the whole term being a constant is replaced by 
another constant, Kp. 


Therefore, AT =K.m 150(13.22) 
NRI ; 
where K»— 1000 Aly mye (13.23) 


Boiling point elevation is a colligative property can be said from 
equation (13.22) according to which boiling point elevation of a 
solution is directly proportional to the molality of the solute 
provided the solution is dilute and obeys Raoult’s Law. 

Calculation of molecular weight of the solute from boiling 
point elevation. As shown earlier, 


cg Ws, 1000 
ATi-K yp Wa 
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1000 We 
ATs. Wa $ 
This equation permits the calculation of molecular weight of the 
solute from a knowledge of weights of the solute and solvent, boiling 
point elevation and constant Kj. 


The value of constant Kp can be determined from the equation 


0 ARI 
~ 1000 Ah, 


Problem 13.2. A 2% solution (by weight) of a substance of unknown mole- 
cular weight in toluene as a solvent has a vapor pressure of 752.4 mm Hg at 
110°C and a normal boiling point of 110.25°C. The normal boiling point of 
toluene is 110.00"C and the solute is non-volatile. Calculate the’ molecular 
weight of the solute and the heat of vaporisation (per gram) of toluene 
(CGH.CH,. — i 

Solution. The vapor pressure lowering at 110°C is 

.760— 752.4 or 7.6 mm Hg. 
Therefore, from Raoult's Law of vapor pressure lowering, 


or Ms=K». <. . (13.24) 


Ky 


7.6 
XB= 769 =0.01 
Taking 100 grams of solution as a basis, there are 2.0 grams of solute and 93 
grams or (3 ) =1.065 mol of toluene. 
M reed Fee, 
Therefore 0.01= np 1.065 
or np=0.0106 


and the molecular weight of the substance 


i 
= ojos 7189 


Again, the molality (m) of the solution is 
=0.01X10,9=0.109 
ATs=110.25—110=0.25°C 


and T°=273+110=383.0 K. 
RT? m 
Therefore, AT» (500 A iy Adis 
_ RT m__ 1.987X(383)2X0.109 
Ah q909AT,—- 1000x025 . 
=127 cal/g 


Therefore, heat of vaporisation 
Ahy=127 cal/g 
Experimental determination of boiling point elevation, 
While determining boiling point of a solution, care is taken to avoid 
superheating. There are two main methods generally employed for 
the determination of boiling point elevation: 
(i) The landsberger method. In this method, the solution is 


heated to the boiling point by passing into it the vapors of pure 
solvent. When vapors condense, latent heat is given up and this 
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latent heat' of condensation raises the temperature of solution 
to boiling point. 
Heating through 
vapors is done to 
avoid the danger of 
superheating. 


The apparatus con- 
sists of a flask A, con- 
taining the pure sol- 
vent and is connected 
through a delivery 
tube to a tube B gra- 
duated in c.c's. To- 
wards the top of this 
tube, there is a hole 
which permits com- 
munication with the 
To condenser — outer vessel C. A con- 
denser to condense 
; the escaping vapors 

is attached to D, The tube B is also fitted with a thermometer. 

To start with,'a known quantity of the pure solvent is taken into 

B; the thermometer is lowered in the solvent and a stream of vapors 

of the solvent from 4 is passed into it until the liquid begins to boil. 

When the temperature indicated by the thermometer becomes cons- 

tant, it is noted. This gives the boiling point of the pure solvent. 

A weighed quantity of the solute under investigation is then put into 

the tube B and the passage of vapors continued until the temperature 

is constant. This gives the boiling point of the solution. The volume 
of the solution in tube Bis noted. If the density of the solvent is 
known, the mass of the solvent present in the solution can be easily 
found. It. is assumed that the solute does not occupy any volume. 

The difference in the two readings gives the boiling point elevation 
of the solution. 

(ii) Cottrell’s method. In this method, a known quantity of 
thesolvent is taken in the boiling ^ 

tube A, which is graduated. An 

inverted funnel tube is placed in the 

boiling tube. The bubbles formed at 

the pieces of porous pot in the liquid 

force through this funnel a stream of 

boiling liquid and vapor over the bulb p 

of the thermometer E which is placed 

above the surface of the liquid. The 
bulb is thus covered with a thin layer 

of boiling liquid in equilibrium with 

its vapors. This ensures that the 

temperature recorded by the thermo- : 

meter is the true boiling point of the Pieces of 
liquid. The care is taken to prevent borpus pot 
the cold condensate from reaching Fig. 13.5. Cottrell apparatus. 


Fig, 13.4. Landsberger's apparatus. 


Thermometer 


——*To 
condenser 


A 


Inverted funnel 
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the thermometer. This is due with the help of sheath D. 

A weighed quantity of the solute is then added to the solvent and 
the boiling point ofthe solution is determined. Difference: in the 
two readings gives the boiling point elevation of the solution, The 
volume of the solution is noted and knowing the density of the 
solvent, mass of the solvent can be easily determined. 


13.4, FREEZINE POINT DEPRESSION OF SOLUTIONS 


On cooling a dilute solution, a temperarure is ultimately reached 
at which solid solvent begins to separate from the solution. 
This temperature at which the 
precipitation of the solid 
solvent begins is the freezing 
point of the solution. At this 
temperature, solid solvent and 
solution are in equilibrium 
and consequently they must 
have the same vapor pres- 
sures. 


Itis observed that freezing 
point of a solution is lower 
than that of pure solvent, 
Thisis again a direct conse- 
quence of the lowering of. the 
vapor pressure of the pure 
solvent by the dissolved solute. 
Consider the vapor pressure— 
temperature diagram as shown in Fig 13.6. 

In the diagram, AB is the sublimation curve of the solid solvent 
and BC is the vapor pressure curve of the pure liquid solvent. These 
two curves are intersecting at the point B. The temperature To, 
corresponding to this point, is the freezing point of the solvent be- 
cause at this temperature, the solid and the liquid phases are in 
equilibrium with. each other and have identical vapor pressures. DE 
and FG are the vapor pressure curves of solutions L and. TI (concen- 
tration of solution II is greater than the concentration of solution 
I) These two curves are intersecting the sublimation curve at points 
D (temperature Tı) and F (temperature 72) respectively. Therefore, 
Tı and T, are the freezing points of solution I and solution II 
respectively. Both 7; and T> are lower than Tp. 

The freezing point depression of solution I is 

; ATrn=To~Ti 
and the freezing point depression of solution II is 
ATp2=Ty—Tr 

Let P° is the vapor pressure of solid and the pure liquid solvent 
at temperature To and P; and P» are the vapor pressures of solutions 
I and II respectively at the same temperature. For dilute solutions, 


Vapor pressure —— 5» 


Temperature 


Fig. 13.6. Vapor pressure—temperature 
diagram. 
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the freezing point depression will be small and to a good approxi- 
-mation, the vapor pressure curvés may be considered to be parallel 
straight lines in the vicinity of the freezing point. 

Since the two triangles BHD and B/F are similar, therefore, 


But DH—T,—T,— ATyji,the freezing point depression for solu- 
tion I 
FI=T)—T2=\Tj2, the freezing point depression for solu- 
tion II 
BH=P°—P,=/(\P1, vapor pressure lowering for solution I 


and BI=P°— P= AP, vapor pressure lowering for solution II 
Therefore 


TUS TU pom 

T—T, P°—Pz 
ia ATn _ AP: 
AT AP, 


Dividing the numerators and denominator of the right hand side 
of the equation by P^, 


ATA. APi|P° : 


ATp A P2/P° 
or Ane OF <. . (13.25) 


i.e., the freezing point depression of a solution is directly propor- 
tional to the vapor pressure lowering of the solvent. 


Again, AP ers, the mole fraction of the solute and 
P ae SS = Ws, Ma. 


“ natne na Ms Wa 

| All the symbols have got the same meanings as given under boil- 

ing point elevation. : 
Therefore, equation (13.25) becomes 


WsMa 
ANT WaMs 
WsM. 
or AT;—A Wilts ... (13,26) 


where A is some proportionality constant. Again, for a given solvent, 
Ma is constant. Therefore, both the constants A and M4 are replaced 
by another constant ky in the equation (13.26). 


Wi 
Hence AT;=ky Walls 


«++ (13.27) 
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The constant ky is known as the depression constant or cryoscopic 
constant and depends on the nature of the solvent. If.1 mole of the 


solute ( i.e., DE LI ) is dissolved in | gram of the solvent (Wa=1 
B 


gram), then from equation (13.27), AT;=ky i.e., the depression 
constant becomes freezing point depression when 1 mole of any. 
solute is dissolved in 1 gram of the solvent. 

But generally in dilute solutions, concentration is expressed in 
terms of molatity m, which is defined as the number of moles of 
solute dissolved per 1000 grams of the solvent. For the solution 
under consideration 


bs a UE Ria? j 
m= ag, X 1000 : 2. (13.28) 
In terms of molality, equation (13.27) becomes 
m 
ATr-k. gg : 
or AT; —Ky.m *.. (13.29) 


where Ky (=k;/1000) is known as the molal depression constant, 
For a molal solution, A 7;=K;. 


The numerical value of Ky, as calculated from Thermodynamics, 
ats Tw : : : ; 
is given by 1000 AAF” where T is the freezing point of the pure 
solvent, R is the usual gas constant equal to 1.987 calories and Aly 
is the latent heat of fusion per gram of the solvent. 


Thermodynamic method. The more complete derivation of 
equation (13.29) is done thermodynamically making use of Clausius- 
Clapeyron equation and Raoult’s Law of vapor pressure lowering. 


In the diagram, P; is the vapor pressure of the solution I at tem- 
perature 7, and Ps is the vapor pressure of the solution I at tempe- ' 
rature Tı. Applying Clausius-Clapeyron equation 

Peru Eal T1—T, ) 
In Pr oR “Tite > «4 ¢(13.30) 


where AH, is the molar heat of vaporisation of the solvent. 


Again, for the solid, P^ is the vapor pressure at temperature To 
and Ps is the vapor pressure at temperature 7). Therefore, 
Pye as S T1— To 
orc Inm ) JL. (13.31 
where AH; is the molar heat of sublimation of the solid solvent. 
Subtracting equation (13.30) from equation (13.31) 
In P,—In P^—In P,4-In Pi 
ie AH, ( e2)- AH; (195—711) 
R ToT, RIT 
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LOB AB) (To=T1) 


PN [M 
In Py—In P^ = RI 
BES) NAY ATA 2 
or In P= R hi 2104 (13,32) 
where A Hr— AH;,— AH, is the molar heat of fusion of the 
solvent and 
AT;—Ty—T| is the freezing point depression of 


the solution. 

Since the solution is dilute, ToT,c Ty. Again P? is the vapor 
Pressure of the solvent at temperature 7; and P4 is the vapor pressure 
of the solution 1 at the same temperature. Therefore, from Raoult's 

aw 


Bü 
p (1— Xs) 

Where X4 and Xs are the mole fractions of the solvent and the 
solute respectively in the solution. 


Therefore, equation (13.32) becomes 


_ yyw B, AT 
In(\1—X3)= R TẸ 252513433) 
But In (1—X5)zz— Xs (when X is very small) 
$5 thy VAY: SPAN S 
"Therefore Xp= UR OCT 
: RT? 
or. ATr= AH; Xn ++. (13.34) 


- This result can also be obtained by applying chemical potential 
concept as follows: 


At equilibrium, the chemical potential of the solvent in both the 
liquid and solid phases will be same i.e., : 


Hiq (T, P, X4) — soria (T, P) 
But, for dilute solutions, Aliq (T, P, Xa) is given by 
Hig (T; P, XA)=H hig (T, P)--RT In X4 
Hence Wiig (T, P)H-RT In X4=ksolid (T; P) 
Hsolia (7:P)— i^g (T, P) 
idus SH RIA vetonr sri 
d The molar free energy of fusion of the pure solvent is : | 
AG fus= 11g (T, P) —usoiia (T, P) | 
AGras i | 
RT A, | 


or In X4= 


so that In Xa — 
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Differentiating this equation with respect to 7 at constant P, we 


obtain 
din Xa) cu | BEE) (22) 
or pág R DLE. V Xa Jr 
oT P 
Using the Gibbs-Helmholtz relation, this reduces to 


(26%) -— 7) 
or Pp RT?X 0Xa |p 


which on integration yields 


Xa T, : 

dX4A . 1 [^ 
Xa 

l 


i 


| where the lower limit Y4—1 corresponds to pure solvent having a 
| freezing points Tọ and the upper limit X4 corresponds to a solution 
having the freezing point 7j. The integration is done on the 
assumption that AH; is independent of temperature: 4 


Hr an To—Tiı ) 


E] 


But Ty—T1— AT; and TT To? 
With these substitution, we obtain 


AHy 
InX4-— RI B AT; 


For a very dilute solution, 
In Xa—In (1—X2)z—Xn 


Thorefore, —Xp-— 


2 
or AT;— AE vaa 


But Xsm— =- 


Hence AT;— 


RT Ws 


pr ab PE 


| ee OES) 
| “ie 

| where Ahs | = 222 is the latent heat of fusion per gram of the 
| Sclvent. à 
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If the molality of the solution is designated by m, then 


PDA NM 
m—Wa.Ms 


=Ky.m (13.36) 
SEO RT 37 
where Kr 19001; vec (13:37) 


Its physical significance has already been discussed. 


Calculation of molecular weight from freezing point 
depression. This can be easily determined if Ky is known. The 
value of K; can be readily calculated from the equation 


LOG 
= 1000 AA; 


Knowing Ky, molecular weight of the solute is then calculated 
from the equation 


Ky 


1000 Wz 
AT; . Wa 
Freezing point depression—a colligative property. Since 


ATyocm and m depends on the number of moles of solute, therefore, 
freezing point depression is a colligative property. 


Ma=K; ... (13.38) 


, Problem 13.3. Fora solution of 0.911 gm of carbon tetrachloride dissolved 
in 50.00 gm of benzene, the freezing point depression was found to be 
eS: Calculate the molecular weight of the carbon tetrachloride. Kr given 
is 5.12. 


Solution. According to.equation, 


y, 1000 Wg 
MB=Kf ATAWA 


„using Kr=5,12 


we have 


_ 5.12x1000x1.911 
Ma= 0603x5000 =. 


Thus, the molecular weight of carbon tetrachloride is 155. 


Experimental determination of freezing point depression 


(i) The Beckmann method. Freezing point depression can be 


m 
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measured very accurately with this method. The apparatus is shown 
in Fig. 13.7. It consists of a freez- 


ing tube A containing the solvent ]— Beckmann 
whose freezing point is to be deter- í Thermometer 
mined and is provided. with a side n 

tube B through which known i Stirrer 


weight of the solute can be intro- 
duced. This tube is fitted with a 
Backman. Thermometer and a 
stirrer and is surrounded by an air 
jacket. The function of air jacket 
is to prevent rapid cooling of the 
contents of the freezing tube. The 
whole assembly is placed in a 
larger outer vessel which contains 
the freezing mixture. 


The apparatus is set up and the j $ 
freezing point of a known weight E Aer QE tieu 
of the solvent is determined. The 
solvent is allowed to cool by about 0.5? below its freezing point. It 
is then stirred vigorously. During stirring, crystallisation starts and 
temperature rises. The rise in temperature continues till freezing 
point. At freezing point, the temperature remains constant and is 
recorded. A known weight of the solute under investigation is then 
introduced through the side tube, completely dissolved and the 
freezing point of the solution is determined. The difference in the 
two readings gives the freezing point depression for the solution of 
known composition. 


Freezing — 
mixture 


(ii) The Rast Camphor method. This method makes use of the fact 
that molal depression constant of camphor is. very high and is about 
40 per 1000 grams. This means that when 1 mole of a solute is 
dissolved in 1000 grams of camphor, freezing point is lowered by 
about 40°C. The fallin temperature is so great that an ordinary 
thermometer can be employed for the determination of freezing 
point depression with sufficient accuracy. 


The melting point of the pure camphor is first determined in the 
usual manner in a capillary tube. A known weight of the solute 
under investigation is mixed about ten times its weight with camphor 
and an intimate mixture is obtained be fusing them together. The 
mass is then cooled and powdered. The melting point of the mixture 
is then determined. This gives the freezing point of the solution. 


The difference in the two readings gives the freezing point depres- 
Sion of the solution. 


This method is applicable only for those substances which are 
soluble in camphor. : 4 
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13.5. OSMOSIS AND OSMOTIC PRESSURE 


Osmosis is an important colligative. property of solution and was 
first reported by Abbe Nollet in 1748. He observed that when a 
solution of a solute is separated from pure solvent by a suitable 
membrane, the solvent spontaneously passed into the solution. This 
Passage of the solvent into solution or from more dilute to concen- 
trated solution when the two are separated from each other by a 
membrane is known as osmosis. In osmosis, only the flow of solvent 
takes place. If there is a movement of solute in the Opposite direc. 
' tion, the process is referred to as diffusion. The membrane use 
for osmosis is known as the semi-permeable membrane. This is SO 
called because it allows only solvent molecules and not the solute 
molecules to pass through it freely. There are various types of 
semi-permeable membranes such as animal membranes, cellulose 
membrane and a film of cupric ferrocyanide, CuxFe(CN)s] etc. The 
‘membrane used depends on the nature of the solvent and solute. 


The phenomena of osmosis can readily be explained with the 
help of apparatus shown in Fig. 13.8. An inverted thistle funnel, 
= the end of which is tied by an 

animal membrane, is partially 

filled with a concentrated 

solution of sugar. This is 

: immersed into a beaker con- 
Hydrostatic taining pure water. Due to 
Pressure osmosis, water will begin to 
pass through the membrane 
and the level of the sugar: 
solution in the tube begins 
to rise until it reaches a 
Sugar solution definite height. depending 
on the concentration of the 
solution. The hydrostatic 
pressure, set up from the 
differences in levels of the 


DEUS sugar solution in the tube 

and the surface ofthe pure 

Fig. 13.8. Osmosis through animal water is the osmotic pressure. 
membrane. of the solution and is defined 


: as the mechanical pressure 
Which must be applied on a solution to prevent the passage of solvent 
into the solution when the two are Separated from each other by a 
semi-permeable membrane. : 

A better definition of the osmotic pressure of a solution is based 

` en the chemical potential of the solvent. The chemical potential of 
a solvent in a dilute solution is given by ^ 
#1(solution)=#1 (lig) HRT In.X1 
where Ui'gig, is the chemical potential of the pure solvent and 
A, is the mole fraction of the solvent. Since X; is less than 1 and 


a 
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its logarithm is negative, it follows from the equation that 
H4 (solution) is less than 1° (liq). In order to establish equilibrium, 
there is flow of solvent from high chemical potential (solvent) to 
low chemical potential (solution) and flow continues till the chemical 
potentials are equal. Again, we know that the chemical potential 
can be increased by increasing the pressure. Therefore, if the pres- 
sure of the solution is increased, the chemical potential of the 
solution will increase till it becomes equal to chemical potential of 
the pure solvent. At this stage, there will be no flow of the solvent 
to the solution side. Hence, in terms of chemical potential, osmotic 
pressure of a solution is defined as the extra pressure applied to a 
solution so that the chemical potential of the solvent in the solution 
becomes equal to that of the pure solvent. Osmotic Pressure depends 
on the nature of the solvent and the solute but is independent of 
the nature of the membrane as long as it is semi-permeable and is 
a measure of difference in pressure of the solvent and the solution. 


The arrangement, shown in Fig. 13.8, cannot be satisfactorily 
employed to measure osmotic pressure quantitatively. Consider the 
diagram as shown in Fig. 13.9. 


Semi-permeable 
membrane 


Fig. 13.9. Schematic diagram of the apparatus used to determine 
the osmotic pressure of a solution. 


A is a chamber fitted at both ends with very thin bore capillary 
tubes. This chamber is divided by a semi-permeable membrane into: 
two compartments of which the right one is filled with the solvent 
and the other with the solution. At the beginning of the experiment, 
levels of the liquid in the two capillaries are kept same. Due to. 
osmosis, solvent begins to pass through the membrane into the 
solution. As a result of this, the level of the liquid in the capillary 
on the solution side begins to rise and the level on the solvent side 
starts descending until equilibrium is reached. The difference in 
capillary levels gives the osmotic pressure. Instead of using a capil- 
lary on the solution side, a piston can also be used so that pressure 
can be applied just to-prevent osniosis. This pressure will then be 
equal to osmotic pressure. 
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13.6. DIALYSING MEMBRANES 


(ihe membranes that are used-in dialysis and ultrafiltration are 
usually derivatives of cellulose (e.g., 
cellulose acetate, nitrocellulose) and 


may be classed as xerogels. The struc- 
ture of these materials may be regard- 
1 ed as microporous network of macro- 
molecules as shown in Fig. 13.10 
Mice Which shows that the molecules are 
usually aggregated into bundles or 
micelles by secondary forces such as 
hydrogen bonding. 
= f Pore Size 5 
This is important in determining 
the contribution of the sieve effect to 
the permeability of a membrane. The 
average pore size may be determined 
\ by the rate of penetration of water 


through the membrane, or by the 
filtration of standardised colloidal 
particles of varying sizes. It is also 
useful to know the degree of unifor- 
mity of pore size. Satisfactory mem- 
branes should possess pores that fall 
Fig. 13.10. Macromolecule net Within a narrow range of sizes. Pre- 
work. parative methods therefore attempt to 
produce membranes of different grades 
with reproducible characteristics. This involves careful control of all 
factors that may influence pore size during the preparation of mem- 
branes. For example, the temperature and humidity under which 
evaporation of the volatile solvent is carried out are controlled since: 
the final pore size depends on the extent of drying; the shorter the 
drying time, the greater the pore size. 


Preparation of Membranes 


Suitable membranes should prevent the escape of colloidal material 
but allow rapid diffusion of solvent and small molecules.. They are 
usually prepared by evaporation of layers of a solution of membrane 
material in a volatile solvent (e.g., acetone, ether). The solution is 
cast on to either a rotating thimble-shaped mould ora flat surface. 
Several layers are applied and each is allowed to evaporate under 
controlled conditions of humidity and temperature before next one 
is added. The membrane is finally hardened by immersion in a liquid 
in which it is insoluble. 


If the original solvent is non-volatile the membrane material may 


COLLIGATIVE PROPERTIES OF SOLUTIONS 367 


be deposited as a film in a support such as filter paper. 


Factors Affecting Permeability 


Since thestructure of a membrane resembles that of a gel, the 
factors that effect to the permeability of membranes are similar to 
those that affect the rate of diffusion of substances through gel. 


Solvents are used to preserve the regularity of a gel during the 
hardening process. These liquids cause swelling of the gel material 
as opposed to complete solution. They are not removed by the com- 
plete evaporation but dissolve out of the membrane into the harden- 
ing liquid. 

The pore size may also be affected by various treatments after the 
membranes are formed. For example, stretching by means of hydro- 
static pressure, partial digestion by cellulose enzymes or treatment 
with zinc chloride will increase the permeability of cellophane mem- 
branes, while acylation will cause a decrease in permeability. 


13.7. DONNAN MEMBRANE EQUILIBRIA 


The diffusion of small ions through a membrane will be affected by 
the presence of a charged macromolecule that is unable to penetrate 
the membrane because of its size. This is known as Donnan mem- 
brane effect and it may be explained by considering a system consist- 
ing of a solution of sodium chloride separated by a membrane from 
another solution containing a charged macromolecule (R^) and its 
gegenion (Nat). If the initial concentration of sodium chloride is c, 
and that of the macromolecule is c, the system may be represented 
diagrammatically as e 


Initial concn. Nat-CI : Nat*t-R^ 
C1 Cot eo €2 


In dilute solutions, the product of the concentrations of the diffu- ` 
sible ions (i.e., Nat and CI") will be equal on both sides of mem- 
brane when equilibrium is established. Assuming that the condition 
of electroneutrality holds i.e. the concentrations of positively and 
negatively charged ions on each side of the membrane must balance. 
Ifthe amount of sodium chloride that has diffused through the 
membrane when equilibrium has been established is x then the 
system may be represented as 


Nat + CL : Nat +.R- + C~ 
Equilibrium 3 
concn. (cix) (173) (Fx) -c x 
at equilibrium (c1—x)(c1—x) =(c2++-x)x 
ci—2cx4-x?-—c0x4- x? 
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€i? —cax4- 20x 
—2X(ea-2c1) 


c? 


Tus TT Xe 


X C1 
ef IE . . . (13.39) 


In Equation (13.39) Mox represents the fraction of sodium chlo- 
€1 


ride that has diffused through the membrane when equilibrium has 
been established. It can be seen that this fraction is influenced by the 
concentration of the non-diffusible ion R^. If the unequal distribu- 
tion of diffusible electrolyte that occurs in the presence of a charged 
macromolecule is not taken into account then determination of 
osmotic pressure exerted by the macromolecule will be incorrect. 
However, if the concentration of diffusible electrolyte is relatively 
high, then the denominator on the right hand side of Equation (13.39) 


is approximately equal to 2Ci. The equation then reduces toe => 


indicating that the simple electrolyte is equally distributed on both 
sides of the membrane and that the Donnan effect is negligible in 
such cases. 


13.8. MEASUREMENT OF OSMOTIC PRESSURE 


_Frazer and Morse method, The method employs a porous vessel, 
A, in the walls of which is deposited a layer of copper ferrocyanide 
by some special technique which involves the passage of electricity 
through solutions of copper sulphate and potassium ferrocyanide 

1 Separated from each other by the porous 
vessel. This is connected to a tute B. 
Both the vessel and the tube are filled with 
the solvent. The vessel is surrounded by 
a solution contained in the bronze cylin- 
der C. Solvent will enter the solution and 
result in the hydrostatic pressure equal to 
osmotic pressure in the vessel C. This 
can be measured by a manometer 

_ attached to C. 


Berkely and Hartley: method. This 
is another accurate method for measuring 
the osmotic pressure. The solvent is 
placed in the horizontal tube 4, on the 
sides of which a thin layer of copper 
Fig. 13.11. ‘Frazer and ferrocyanide is deposited. This tube is 
Morse apparatus. placed by means of watertight joints into 
. a metal jacket B which contains the 
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solution and carries an attachment C through which pressure can be 
applied. A is first filled with the solvent through D up to a definite 
point in the capillary E. As a 
result of osmosis, the level of 
liquid in the capillary will fall 
but by applying pressure 
through C, it is restored to its 
initial value. This pressure is 
taken as the osmotic pressure 
of the solution. 


Results of osmotic pres- 
sure measurement. The results 
obtained from Pfeffer's classic 
experiments on aqueous solutions 


; Fig. 13.12. Berkeley and Hartle: 
of sucrose, presented in Table PUES Ue Y y 


13.1, clearly show that the ratio 

of the osmotic pressure (x) to the concentration i.e., x/C, is approxi- 
mately constant at constant temperatures. In other words, the 
osmotic pressure of a solution is directly proportional to its con- 


centration at constant temperature. Further, C cc = where V is 


is the volume of solution containing 1 mole of the solute. Therefore, 
osmotic pressure of a solution is inversely proportional to volume at 
constant temperature. Mathematically 


no b, (T=Constant) 


or nV =Constant «+» (13.40) 
TABLE 13.1 
Osmotic pressures of sucrose solution at 0°C 
Concentration Osmotic Pressure Volume (V) zy. n/C 
gramilitre (x) (atm) containing 
J gram mole 
(litres) 
10 0.70 34,20 23.94 0.70 
20 . 11.34 17.10 22.91 0.67 
40 2.74 8.55 23.42 0.685 
60 4.05 5.70 23.09 0.675 


: Similarly it can be seen from Table 13.2, that the osmotic pressure 
increases with increase temperature for constant concentration of 
solution and the ratio, x/T is approximately constant i.e., 


T š 
g Constant (At constant concentration) pa (0541) 
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TABLE 13.2 
Effect of temperature on osmotic pressure of sucrose solutions 


Temperature Osmotic Pressure “RIT 

EG TK (x) (atm) 

0 273 7.085 0.02594 
10 283 7.334 0.02591 
20 x 293 7.605 0.02595 
25 298 7.129 0.02594 


Equations (13.40) and (13.41) are similar to Boyle's Law and 
Charle's Law respectively for gases with the only difference that the 
osmotic pressure, x, is taken for the gas pressure. Vant Hoff conclu- 
ded from these results that there is a parallelism between the 
properties of solution and the Properties of gases. He combined 
equations (13.40) and (13.41) as in the case with gases and suggested 
the relation, 


nV—RT sak (13.42) 
where R is a constant. By substituting the value of cosmotic pressure 
for a:solution of known concentration ata definite temperature, he 
valculated the value of R. This came out to be almost identical with 
the familiar gas constant. Equation (13.42) is known as the Van't 

' Hoff Equation and holds only for dilute solutions. 


In equation (13.42), Vis the volume ofthe solution containing 
l mole ofthe solute. If? moles ofthe solute are dissolved in 
volume V of the solution, equation (13.42) becomes 


nV-—n,RT +». (13.43) 
(Ifthere are two solutions having the same osmotic pressure at 


the same temperature, they will have the same molar concentration. 


Such solutions are regarded as /sotonic Solutions.) 


Thermodynamic derivation of Van't Hoff equation 


Considera solution in equilibrium with the solvent. If wT, P+ 
x, X1) is the chemical potential of the solvent in the solution under 
the pressure P+ and u° (T, P)that of the pure solvent under the 
pressure P, then the equilibrium condition is z 
BT, P--x, Xi) -9(T, P) «+» (13.44) 
or eT, P+7)+RTInX1=p°(T, P) - ++ (13.45) 
In order to express chemical potential of the solvent under a 
pressure P--m,in terms of chemical potential of the solvent under 
a pressure P, we make use of the fundamental equation according 
to which the increase in the chemical potential ofthe solvent by 
sncreasing the pressure is given by the relation 
l du^—VodP (Refer to Chapter 9) 
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where V? is the molar volume ofthe pure solvent. On integrating, 
we have 


Ptz 
B(T, P+n)— (T, P)=| VodP .. . (13.46) 
P 
Substituting this result in equation (13.45); we get 
P+n 
VodP+RTIn X1—0 vs CLA TY 
P : 


. If it is assumed that Vo is independent of pressure i.e., the solvent 
is practically incompressible, we get on integration and simpli- 
fication, 
Von+RTIn X1—0 ... (13.48) 

This equation gives a relationship between the osmotic pressure 
x and the mole fraction of solvent in the solution, Another assump- 
tion involved is that the solution is ideal. 

If X? is the mole fraction of the solute in the solution, Y1 can be 
replaced by (1—X2). 


- For dilute solution, /nX1—In(1— Xz)z —X;— x RT nS 
Therefore, equation (13:48) becomes 
Vor— x RT=0 
ét du a2 Rt CRT :. + (13.49) 


Again, by the addition rule, the volume of the ideal solution is 
V=nVo+n zn Vo 

Thus, equation (13.49) becomes 
n= "RT _crr <. < (13:50) 


where C ( =F ) is the molar concentration of solute in the dilute 


solution. 
. Equation (13.50) is known as the Frazer and Morse equation for 
osmotic pressure. 


Osmotic Pressure—A Colligative Property 
From equation (13.50), we have 
"n—CRT 


372 A TEXTBOOK OF PHYSICAL CHEMISTRY 


This equation shows that for a definite temperature, osmotic pres- 
sure depends only on the concentration of the solute and not on the 
nature of solute orsolvent. Therefore, osmotic pressure of a solu- 
tion is a colligative property. 


Determination of molecular weight. Osmotic pressure mea- 


surement can be employed to obtain the molecular weight of the 
solute with more degree of accuracy. This can be easily done by 


putting n in equation (13.49) where W, is the weight of the 


solute of molecular weight M2. 


Problem 13.4. A solution containing 4.0 g of a polyvinyl chloride polymer in 
1 litre of dioxane was found to have an osmotic pressure of 6.4 10-1 atm at 
27°C. Calculate the approximate molecular weight of the polymer. 


Solution. The concentration of the solution is mole litre? where M 


is the required molecular weight. Since the osmotic pressure is given in atm, R 
Is expressed in litre-atm deg: mol-*, i.e., 0.082, and hence by equation 


z=RTC 
we have 
6.4x10-*=0,082x300x 550 
M 
or M=1.5X10 


Molecular weight of the polymer=1,5x 105. 


13.9. RELATION BETWEEN VARIOUS COLLIGATIVE 
PROPERTIES 


Since all colligative properties depend on the mole fraction of the 
solute and are independent of the individual properties of the solute, 
all of these must be related to each other by a single expression as 


BF AD, AB ng, LAB nV 23 5. (13.51) 
p a RT 
; RT RT 


This expression can be used to calculate all other colligative 
. Properties, if one colligative property is known. 
Problem 13.5, The osmotic pressure of a solution containing 18.0 g. fructose 


per litre is 2472 atm. at 30°C, The molar volume of water at this temperature 
Js 18.1 cc. Calculate the boiling point of this solution. 


(Heat of vaporisation of water=9720 cal/mol) 


Solution, o n= AT AT; 
VT 


Here 71—2.472X16X13.6X981 dynes/.m* 
AHy—9720X4.18X 10" ergs 
To=100+273=373 K 
V=18.1 cc. 
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ATe=? and T=30+273=303 K. 


(2.472X 76 X 13.6 981)(18.1)(373)? 
(9720X4°18X 107)(303) 


*. Boiling point of the solution=7,+ A Tp 
= 100-+0.05126° = 100.05126°C, 


AT5= =0.05126° 


13.10, COLLIGATIVE PROPERTIES OF SOLUTIONS CON- 
TAINING TWO OR MORE SOLUTES $ 


If a solution contains two or more than two solutes, the colliga- 
tive properties are given by the following equations: A 


(i) Relative lowering of vapor pressure 
P W; \ Mı _ =mxM : 
--( M )»t- mx. T.. (13.52) 
where W,is the weight of each solute, M; is its molecular weight 
and X m, is the total molality of the solution. Mı and Wi, as before, 
are the molecular weight and the weight of the solvent. 
(ti) Boiling point elevation 
AT, — KyXxm ene (13.53) 
where £m; is the total molality of the solution 
(iii) Freezing point depression 
AT;=Ky3m; ..» (13,54) 
where Em; is again the total molality of the solution. : 
(iv) Osmotic pressure. 
n== CRT ++ « (13.55) 
where XC; is the total concentration of thc solution. 


13.11. COLLIGATIVE PROPERTIES OF SOLUTIONS OF 
ELECTROLYTES 


While discussing the four properties, it was assumed that solute 
persists in the same molecular form in the solvent. Such solutions 
obey the various relations deduced there. On the other band, there 
are some solutes which associate or dissociate in the solvent and 
yield abnormal results when the various relations deduced are 
applied to them. Consider solutions of electrolytes such as aqueous 
solutions of strong acids, bases and their salts. In such solutions, 
the solute has a tendency to dissociate irito ions, thereby, increasing 
the number of particles in the solutions. Consequently for such 
solutions, the freezing point lowering, boiling point elevation, vapor 
Pressure lowering and osmotic pressure are higher than for non- 
electrolytes when solutions having the same concentrations of. 
electrolytes and non-electrolytes are compared. 
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In order to account for all abnormal cases and to represent colli- 
` gative properties of electrolytes by means of relations for non- 
electrolytes, Van’t Hoff introduced the factor i, known as the Van't 
Hoff factor, This factor is defined as the ratio of the colligative 
cffect produced by a definite concentration of the electrolyte divided 
by the effect observed for the same concentration of a non-electrolyte. 
Thus 


AT, AAs as) mjer AP. 
(AT (AT (mo (AP) 

where (A75)o, ( ^77)o, (x)o and (AP) are the boiling point elevation, 
freezing point depression, osmotic pressure and vapor pressure 
lowering respectively for solutions of non-electrolytes and similar 
terms used in the numerator are for solutions of electrolytes having 
the same concentrations. 


The value of i can be calculated from experimental data for each 
electrolyte at various concentrations. The value, calculated for a 
particular concentration of an electrolyte for one of the colligative 
properties, is found to be same and valid for other properties at the 
same concentration. Thus, for solutions of electrolytes, 

AP=i (AP)=iP°Xg 

AT =i (ATp)o=iKym 

AT,=i (ATs)o=i.Kom 
and 2 n=i (x)o—i BAT 

Utilising Arrherius theory of Electrolytic dissociation, it is pos- 
sible to calculate the degree of association or dissociation if the value 
of Van't Hoff factor is known. 

Degree of association. During association, two or more mole- 
cules combine to form one molecule. The fraction ofthe total 
number of molecules which combine to form one molecule is known 
as the degree of association. 

A Consider a solute, say 4, dissolved ina definite volume of solu- 
tion. Let « be-the degree of association and n the number of mole- 
cules which combine to form an associated molecule. If m is the 
original molality of the solution, equilibrium is represented by: 

m 0 1 
nA = (4), 
m(l—«) majn 

The number of simple (unassociated) molecules left 

=m(1—«) 

The number of associated molecules formed 

A 
n 


i= 
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Therefore, the total number of particles, m; in solution is given by 


m=m( 1—a+ = ) .. « (13.56) 
For a total molality m,, the freezing point depression is given by 
AT; y— Kye 
Hence, equation (13.56) becomes 
AT; Km (1-2 2) ... 03.57) 


Further, Van't Hoff factor, i is given by 
sues AE EA 
i=), AT;=i(ATy)o 
=iKym . +. (13,58) 
Substituting this value in equation (13.57), we get 


iKm-Km( 1—a4- T) 
jes pe da 
or i-1—a-4- A 


Simplifying for «, 
i—1l 
1 


—-—1 


n 
Knowing i and n, « can be easily calculated from equation (13.59). 


Degree of dissociation. It is defined as the fraction of the total 
number of molecules which dissociate into electrically charged parti- 
cles called ions. 


Consider an electrolyte, 4,By, dissolved in some solvent. Let m 
is the molality of the solution and « is the degree of dissociation. 
The dissociation of the electrolyte is represented by the equilibrium 


m o o 
AxBy = xA* + yB- 
m(l—«) mxa mya 
The total number of moles, m;, of all types in the solution 
m,—m(1—«)4-mxa-|-mya 
—m[1-4-«(x--y— 1)] ««. (13.60) 
Let n is the total number ofions yielded by a molecule of the 
electrolyte i.e., n—x--y i 


Equation (13.60) becomes 
m,-—m[14-«(n—1)] ++ (13.61) 


se 919592) 


= 
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Again, freezing point depression for a total molality Mi, is given by 
AT;—Kym, 
Therefore, A Ty— Kym[14-«(n—1)] «.» (13.62) 
Further, ATj—i( ^Ty)y—iKrm 
Hence, equation (13.62) becomes 
iKym=Kyn{1+a(n—1)] 
i=l 
or Lis reme A ... (13.63) 


Equations (13.59) and (13.60) for degree of association and. degree 
of dissociation, respectively, can also be derived from boiling point 
elevation, vapor pressure lowering or osmotic pressure. In every 
case, the value of i comes out to be the same. 

Problem 13.6. A molecule of a substance XY (Mol. Wt. 180) undergoes 


seeond order association in water. If the Van't Hoff factor, i, of the substance 
is 0.88, what is the degree of association of the substance? 


Solution. We get association of XY as 
2XY (XY), 

; If « be the degree of dissociation, then we have at equilibrium, 
moles of XY unassociated —2—2« and moles of (XY),—« 
Total number of moles at equilibrium—2—2a-4-«*-2— ø. 

Since a- =! 


SE 


Substituting the various values, we have 
se 088-1. 012. 
itl —0.5 
Degree of association «=24%. 


Problem 13.7. A 0.9% salt solution is isotomic with blood cells. What is the 
ELA pressure of this solution at 37°C? Assume that the salt is fully disso- 


Solution, 

zV-nRT 
re? 
V=0.1 litre 

0.9 

ant 
R=0.082 litre-atm deg mole-* 
T=300K 


.,2X0.9 
nX0.1— 55 X0.082x 310 


7—7.81 atm. 


, Problem 13.8. A 0.1 formal solution of sodium chloride is found to be isotonic 
with a 1.10% solution of urea. Calculate the apparent degree of dissociation of 
sodium chloride. , : 


Le. fall S 
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Solution. Since the observed osmotic pressure of 0.1 F NaCl is. that of 1.1% 
urea solution. 
Conc. of urea, 


4 14 eee - 
: C= X gy 70183 mole/litre 


Osmotic pressure of urea solution, z—0.183 RT 


,.9.183 _ 
id 71.83 


For dissociation of NaCl n=2 ; 
Apparent degree of dissociation 0.1? F NaCl solutio 


(—1) _ 0.83 
a= =—— 


Xzl 1 
or 83%. 
PROBLEMS 


1. (a) State Raoult’s law for relative lowering of vapor pressure, Explain how 
it can be used for determining the molecular weight of a dissolved non-volatile 
substance. 

(b) The vapor pressure of a solution containing 13 g of solute in 100 gm of 
water at 28°C is 27.371 mm. Calculate the molecular weight of the solute. The 
vapor pressure of water at the temperature is 28.065 mm. 

(Ans. 94.6) 


2. Vapor pressure lowering is a colligative property, i e., it is a property which 
depends only on the number of solute particles in solutions and not on the 
nature of these particles. Explain. 

3. The vapor pressure of water at 20°C is 17.0 mm. Calculate the vapor 
pressure of a solution of 3 g of urea in 50 g of water. Molecular weight of water 
is 18 and that of urea is 60, 

(Ans, 16.69 mm) 


4. (a) Will the normal boiling point of an aqueous solution and pure water 
be the same? Why? A 

(b) ‘Boiling point elevation’ is a colligative property. Explain. 

5. What is ment by elevation of boiling point? How is it related to the degree 
of dissociation and molecular weight of a solute? 

6. (d) Describe Landsberger's method for finding the elevatioa in the boiling 
point of a solvent on dissolving a non-volatile solute in it. 

(6) The molal boiling point elevation constant Kp for CCl, is 5°02 deg/mol. 
The boiling point of pure CCl, is 76.8°C, Calculale the boiling point of a 1.0 
molal solution of naphthalene, CypH, in CCl, | 

(Ans. 81,8°C) 


6 7. Calculate the value of Ks for chloroform, CHCls, from the following 
ata: 
Boiling point of pure CHCl;=61.3°C. 
(a) A solution containing 5.02 g of naphthalene, C,,H, in 18.0 g of CHCI, 
boils at 69.5°C. 
, (Ans. 3.8 deg/molal) 
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(b) The boiling point of chloroform was raised. by 9.325°C when 0.5141 g of 
anthracene was dissolved in 35 g of chloroform. Calculate the molecular weight 
of anthracene (K —39.0? per 100 g of CHCls. 


(Ans. 176.2 a.w.u.) 


8. What point corresponds to the freezing point of pure water at 1 atm 
pressure? How does the vapor pressure lowering affect the freezing point of the 
solution? 


9. (a) What is meant by Cryoscopic-Constant? Explain how the depression 
of freezing point of a solvent may be used to determine the molecular weight 
of the dissolved substance. 


(6) The freezing point of pure camphor is 178.4°C and its molal freezing point 
constant is 40.0 m~}. Find the freezing point of a solution containing 1.50 gram 
of a compound of molecular weight 125 in 25.0 gram of camphor. 

(Ans. 13.7°C) 


. 10. (a) What is meant by molecular depression of freezing point of a solvent? 
Give an experimental method for its determination. 


*(b) A solution made by dissolving 4.0 g of an organic solute 4 in 50.0 g of 
benzene freezes at 3.74°C. Ky for benzene =5.12° C/molal, freezing point of pure 
benzene —5.48*C. Calculate the molecular weight and molecular formula of A. 
The empirical formula of A is CHBr. 


: (Ans. C,H,Br;) 
11. 6.0 g of anydrous magnesium sulphate are dissolved in 100 g of water. 


€ depression of the freezing point is 0.910°C. If the constant for water in the 
case of electrolyte is 37, what formula represents the state of hydration of the 

dissolved salt? 
(Ans. MgSO,.7H,0) 


12. State the laws of osmotic pressure. Explain how the osmotic pressure 
is analogous to gas Pressure. How can the molecular weight of a substance in 
solution be determined from its osmotic pressure? 


13. (a) An aqueous solution of glucose, C.Hi,0,, has an osmotic pressure of 
2:2atmat 298K. How many moles of glucose were dissolved per litre of 
Solution? 


(Ans. 0.11 mol/litre) 


(b) The osmotic pressure of a solution of a synthetic polyisobutylene in 
benzene was determined at 25°C. A sample containing 0.20 g of solute per 100 
ml of solution, developed a rise of 2.4 mm at osmotic equilibrium. The density 
oe uy solution was 0.88 g/cc, What is the molecular weight of the polyisobuty- 
lene 

(Ans. 2.4x105g/mole) 


14. (a) Describe a method for the determination of osmotic pressure of dilute 
Solutions. Explain the term ‘isotonic’ solution. - 


' (6) A solution of non-electrolyte having molecular weight of 60 and con- 
taining 11 gm of the compound per litre was found to be isotonic with a 
decinormal solution of sodium chloride. What is the apparent degree of 
ionization of the electrolyte? 


i (Ans. 83.33 per cent) 
15. (a) KBr is 79.0 per cent dissociated in solution. What is the freezing point 


of a 0.500 molal aqueous solution? (Ans. Tf=—1.66°C) 


(b) A 0.100 molal solution of acetic acid in water freezes at 0.190°C. Calculate 
the per cent dissociation of acetic acid at this temperature. 


(Ans. 2 per cent) 


— 
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16. If a solution of mercuric cyanide containing 3 g per litre has an osmotic 
pressure of 232 mm Hg at 25°C, what isthe apparent molecular weight and the 
degree of dissociation of mercuric cyanide? 

(Ans. 252.6 a.w.u.; 2.6%) 


` 17. Write notes on the following: 
(a) Vant't Hoff Theory of dilute solutions. 
(6) Theory of Osmosis. 
(c) Abnormal Colligative properties. 


Chapter 14 


ELECTROCHEMISTRY 


14.1. INTRODUCTION 


‘Electrochemistry is concerned with the chemical transformations 
produced by the passage of electricity and with the production of 
electricity by means of chemical transformations. The fact that 
electricity can be produced by means of chemical reactions allows 
the storage of electrical energy in the form of chemical reagents 
which may be used to produce electrical energy at a more convenient 
time or place. The phenomena encountered in electrochemistry are 
of great theoretical and practical importance, 


14.2. OHM'S LAW AND ELECTRICAL UNITS 


According to Ohm's Law, the strength of an electric current flowing 
through a conductor, i.e., the quantity of electricity flowing per second 
(J) is directly proportional to potential difference (E) applied across 
the conductor and is inversely proportional to the resistance (R) 
offered by the conductor to the current i.e., 
E 
^ 
T= . +» (14.1) 
_ By making appropriate choice of units, the constant of propor- 
tionality is made unity. 


According to the international system, the units of current, 
resistance, and potential are ampere, ohm, and volt respectively. 


The international ampere is defined as the invariable current of 
such strength which on passage through a water solution of silver 
salt will deposit 1.11800 milligrams of silver in 1 second. 


The international ohm is defined "as the resistence at 0°C of a 
column of mercury of uniform cross-section, 106.300 cm long, and 
containining 14.4521 g of mercury. 


The international volt is defined as the potential difference required 
to send a current of one ampere through a resistance of 1 ohm. 


The quantity of electricity is measured in international coulomb, It is 
the quantity of electricity passing through a conductor when a current 
of 1 ampere flows in 1 second. Since the quantity of electricity 


pee 
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carried by a current must equal rate of transport times the time, the 
charge Q carried by a current 7 in t seconds, is given by 


Q—Lt E (142) 


Another unit of quantity of electricity is the Faraday. A. Faraday 
is equal to 96,500 coulombs. The main significane of Faraday is that 
it is the amount of charge that produces one equivalent of chemical 
change. ; 


The electrical work W performed when a current of strength J 
passes for f sec through a resistance across which the potential 
difference is E is given by Joule’s law, namely, 


W=EIt=EQ <.: (14.3) 


where W is expressed in Joules. The Joule is the electrical unit of 
energy. It is defined as the amount of work performed by a current 
of 1 ampere flowing for 1 sec under a potential drop of 1 volt. The 
conversion of work in joules to other energy units can be readily 
carried out through the relations 


1 Joule=1 x 107 ergs— 0.2390 cal. ++ (14.4) 


The rate at which work is being done by an electric current is 
expressed in watts. A watt is work performed at the rate of 1 Joule 
per second and is a unit of electrical power. It follows from 
equation (14.3) that the-power in watts p delivered by a current is 


D Ep = 11 (14.5) 


A kilowatt, which is a larger unit of power, is equal to 1000: 
watts. 


14,3, ELECTROLYTIC CONDUCTION 


Electricity flows through a conductor due to transfer of electrons. 
from a point of higher negative potential to one of lower, However, 
the mechanism by which this transfer takes place is different for all 
conductors. There are, first, the metallic conductors or electronic 
conductors in which the conduction takes place by direct migration 
of electrons through the conductor under the influence of an applied 
potential. Metals are typical examples of such conductors. Certain 
solid salts e.g., lead sulphide, cadmium sulphide, copper sulphide 
also belong to this category. : 


Conducting materials of the second type are known as electrolytic 
conductors or electrolytes. In this type, electron transfer takes place 
by a migration of ions, both positive and negative, towards the 
electrodes on applying an electrical potential. Solutions of strong 
and weak electrolytes, fused salts and also some solid salts like 
Agl, LiH, NaClare some examples of electrolytes. Passage of an 
electric current through an electrolyte is always accompanied by a 
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transport of matter from one part of the conductor to another. 
Further, this transport is always manifested by chemical changes at 
the electrodes which are quite characteristic and specific for the 
substances composing the conductor and the electrode. In certain 
conductors known as mixed conductors, both electronic and ionic 
conduction take place. §-Ag2S, CuCl, y-Cu Br, solution of sodium 
in liquid ammonia are examples of mixed conductors. In such cases, 
the ratio of electronic to ionic conductors varies with the concentra- 
tion. The main distinction between the two lies in their behaviour 
with respect to temperature. [he resistance of electronic conductors 
increases while that of electrolytic conductors always decreases 
when the temperature is increased. 


In order to understand the mechanism by which an electric current 
passes through a solution, consider a cell, composed of two thert 
metallic rods (or carbon), called electrodes, connected to the two 
terminals (i.e., --and—) of the battery and immersed into an aqueous 
solution of sodium chloride (electrolyte). The electrode connected 
to the positive side of the battery is called the positive electrode or 
anode and the electrode, connected to the negative side of the battery 
is known as negative electrode or cathode. The electrons from the 
battery enter the solution through the cathode and leave the solution 
to return to battery at the anode. The electrically charged atoms or 
radicals that move to the electrodes are called ions. The ions which 
move to the cathode are known as cations and the ions travelling 
towards the anode are known as anions. A labelled diagram of a 
typical electrolytic cell is given in Fig. 14.1. 


Direction of —_, 
électron flow 


--—— Direction of 
current flow 


R 


— Electrolytic cell 


Cathode 


© Anions 
@) Cations 


Fig. 14.1. The Electrolytic cell. 


Electrochemical reactions take place at the junction between the 
electrolyte and electrode. In the aqueous solution of sodium chloride 
under consideration, we have sodium and chloride ions, and also 


| 
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some hydrogen and hydroxyl ions due to feeble dissociation of } 
water. When the circuit is closed and a current passes through the 
solution, it is observed that chlorine is evolved at the anode while 
hydrogen is evolved at the cathode. Sodium ions remain as such in 
solution and combine with hydroxyl ions to form sodium hydroxide 
in the solution immediately adjacent to the cathode. Following reac- 
tions take place at the electrodes: Hydrogen ions, carrying a Positive 
charge, reach the cathode and combine with electrons entering 
the solution from the cathode, thus having the charge neutralised. 
This results in the formation of monoatomic hydrogen. Two atoms 
of hydrogen thus deposited on the electrode combine then to form a 
molecule of hydrogen which escapes from the electrode as a Bas. 
The reactions taking place at the cathode can be represented by ' 


2H*-4-2e-—2H 
2H —Hs(5) 


Similarly, chloride ions, which are negatively charged, reach the 
anode, give up the electrons to the anode, become neutral chlorine 
atoms and escape asa gas. The electrons thus liberated at. the anode 
flow through the external circuit to the source of potential. The 
reactions here are à 


2Cl-=2CI-+-2e- 
2Cl=Claipy 
It should be noted that two electrons are removed from the cathode 
to form a molecule of hydrogen, and at the same time two electrons 
are given up to the anode by chloride ions to form a molecule of 


chlorine. The net result is a transfer of two electrons from the 
cathode side of the circuit to the anode side. 


14.4. FARADAY'S LAWS AND ELECTROCHEMICAL 
EQUIVALENTS 


Michael Faraday (1832) made a quantitative. study of the relation 
between the amount of electrolysis produced by the current and the 
quantity of electricity. His conclusions may be expressed in the form 
of two Laws of electrolysis: 


Faraday's first law. According to this law, the mass of a subs- : 
tance involved in any reaction at the electrodes is directly propor- 
tional to the quantity of Electricity passed through the electrolytic 
solution. 


Or mathematically: 
mao 
« ct (Q-et) 
or m= Zet. «+. (14.6) 
where m is the mass of the ion liberated, when a current of strength 
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é amperes passes for t seconds. Z is a proportionality constant and 
is called the electro-chemical equivalent. . 


From equation (14.6), if c=1 ampere and ¢=1 second, then 
m=Z 
Hence, the electro-chemical equivalent of an ion may be defined as 


the mass of the ion deposited by the passage of one ampere current 
for one second. 


Electrochemical equivalents of some substances like copper, silver 
and hydrogen are 0.0003292, 0.001118 and 0.00001036 respectively. 


This law is rigidly valid when the passage of electricity takes place 
mainly by electrolytic conductance and is independent of tempera- 
ture, pressure and the nature of the solvent. 


Faraday’s second law. According to it, “The weights of different 
substances produced by the same quantity of electricity are propor- 
tional to the equivalent weights of the substances." The law can also 
be stated as: 


‘The same quantity of electricity will produce chemically equiva- 
lent quantities.” d 


The equivalent-weights mentioned in the Faraday's law is the for- 
mula weight or atomic weight of the substance divided by the number 
of electrons occurring with one formula of the substance in an 
electrode reaction. 


Ifthe same current is passed for the same time through solutions 
of copper sulphate and silver nitrate (Fig. 14.2), tbe amounts of 
copper and silver deposited at the cathode are proportional to their 
chemical equivalents j.e., 31.78 and 107.8 respectively. 


Fig. 14.2. 


For example, in a solution coataining cuperic ion, the electrode 
reaction is: 3 


Cu?*--2e- Cu 
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Since two electrons change occurs in this reaction and also copper 
is bivalent, the equivalent weight of copper for this reaction will be. 
atomic weight divided by two i.e., 


63.56 
2 
For a solution of silver ion, the reaction is: 
Ag*--e Ag f 
In this reaction, one electron change occurs and since silver is 
univalent, the equivalent weight of silver will be its atomic weight 
i.e, 107.89. Since the quantity of electricity on an electron is 
1.602x 10-1? coulombs; Faraday's laws enable us to calculate the 
number of electrons conveying one Faraday of electricity. This is 
given by: 


g or 31.78 g 


96,500 
1,602 1071? 


This quantity, 6.023 x 10? is known as Avogadro's number. This 
means that when one Faraday of electricity is passed through the 
solution, Avogadro’s number of electrons is supplied to the anode by’ ` 
oxidation of one equivalent of substance and these electrons in turn 
bring about the reduction at the cathode. These two processes to~ 
gether transfer Avogadro’s number of electrons from cathode to the 
anode. Faraday’s laws thus establish a relation between an electric 
current and chemical changes in the electrolytes. 

- Problem 14.1. A constant current was passed through a solution of AuCly— 
ions between gold electrodes. After a period of 10.00 min, the cathode in- 
creased in weight by 1.314 gram. How much charge was passed and what was 
the current I? 

Solution. At the cathode the reduction of gold III to gold metal proceeds. 
as follows: 


=6.023 x 102? 


AuCl- +3e7 > Au--4CI- 


1.314g Au 


EE aL ARR m 
Moles of Au= T97g/mole Au 6.67X10-* mole Au 


q=(6.67%10-9 mole Au) ( A mole electron ) 
=2.00X10-* Faraday , 
1-a[r200 10- F) (96,500 C/F)/600 s. 


^ — 232 Ampere. 
14.5. ELECTROLYTIC CONDUCTANCE 


Electrolytes are also conductors of electricity. The electrical com- 
ductance of an electrolyte is due to the ions it contains. The greater’ 
the concentration of ions, the higher will be the conductance. To» 
compare the conductivity of different solutions, the size of the 
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electrodes and the distance between the electrodes must be standar- 
dised. It has been found that the resistance offered by a solution is 
directly proportional to the distance between the electrodes and 
inversely proportional to the cross-sectional area of the solution 
between the electrodes. The resistance R is thus given by: 


R-e(-) Ls (014.7) 


‘where, / is the distance between the electrodes, a is the area of cross- 
section and p is the constant of proportionality known as the specific 
resistance. . 

Wn equation (14.7) if /=1 cm 
and —] sq cm, then 

p=R 

Hence the specific resistance is the resistance in ohms of a solution 
kept between electrodes 1 cm apart and area between electrodes be- 
ing one square centimetre. 


The reciprocal of resistance is defined as conductance, if we denote 
this by Z, then 


1 
L= E ++» (14.8) 
It is measured in ohm^! or mho. The reciprocal of specific 
resistance is defined as specific conductance. It is given by x 


(Kappa) i.e., 


1 BN ah 3 
mec un EE dL 
eat —(4)x4 (14.9) 

It is the conductance of a solution between electrodes, 1 cm? in 
area and 1 cm apart. Specific conductance is measured in units of 
ohm™! cm^! and is a property of conducting medium. 


14.6. EQUIVALENT AND MOLAR CONDUCTANCE 


In dealing with solutions of electrolytes we define a quantity known 
as equivalent conductance (A). It represents the conducting power of 
all ions produced by one gram equivalent of electrolyte in solution. 
"The equivalent conductance of an electrolyte may be defined as the 
‘conductance of a volume of solution containing one gram equiva- 
‘lent of dissolved substance, the solution being placed between two 
parallel electrodes, 1 cm apart, and large enough to contain in 
‘between them all of the soltition. Let v c.c. is the volume of solu- 
tion containing 1 g equivalent of an electrolyte and let x be the 
specific conductance of the solution. The equivalence conductance 
.À (lambda) will then be: 


A—xo <. (14.10) 
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If C is the concentration of a solution in gram equivalent per litre, 
the volume v of the solution containing one gram equivalent will be 


10 x f 
Am. The equation (14.10) then becomes: 
Equivalent conductivity, 
1000 x 
Meneses + (14.11) 


Units of equivalent conductance: 
Since A is given by 
i A=Kv 


1 1 
and ; ez ) i 


Aeg 
e ) R: 
_ (cm)X1x(cm} 
A= (cm)?x ohm x equiv 
A-ohm:! cm? equiv"!. 
Therefore, units of equivalent conductance are ohm^! cm? equiv"!. 
Molecular conductance (4) is defined as the conductance of a 
volume of solution containing one mole of solute, the solution being 
placed between the two electrodes 1 cm apart and large enough to 
contain in between them all the solution. It is equal to the specific 
conductance multiplied by that volume of solution in c.c. which con- 
tains one gram molecule of the electrolyte. 


If C is the concentration in moles per litre then 


11. (14.12) 


p-—xv 
or p= 1900 xx 


The units of molar conductance are ohm"! cm? mol-!. 
For an electrolyte containing two univalent ions, A and p are 
identical. 


14.7. EXPERIMENTAL DETERMINATION OF EQUIVALENT 
CONDUCTANCE 


The method for the experimental determination of equivalent con- 
ductance lies in the determination of specific conductance of the 
solution. This can be dore by measuring the resistance of the solution 
and using equation (14.9). The following steps are involved. 


(1) The determination of (l/a) for the given cell. This quantity is 
known as the cellconstant, k. An indirect method is employed for 
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the determination of cell constant. Solutions of potassium chloride 
of concentration 1.0 D, 0.1 D or 0.01 D are employed for this pur- 
pose as the specific conductance of KCl solutions at these concentra- 
tions have been very accurately determined. Here D stands for demal 
and 1 dermal solution implies that 1.0 mole of KC! is contained in a 
cubic decimeter of solution at oc. 


(2) The determination of the resistance R: The resistance of the 
i given solution of electrolyte is 
determined with the help of a 
wheat stone bridge. A general 
arrangement of the apparatus 
is shown in Fig. 14.3. R, is the 
resistance box. D is the device 
used for detecting the balance 
point. Earphones which were 
used earlier have now been 
replaced by-cathode-ray oscillo- 
scope. 


Fig. 14.3. Measurement of resistance 
of electrolyte. BBA Se nm LEB 
qe 


water, obtained by distilling water under reduced pressure. Kohl- 
rausch used the water that was obtained by distilling the ordinary 
water forty-two times under reduced pressure. It had a specific 
conductance of 0.043 x 1076 ohm-! cm™!. 


The solution of the substance 
is prepared in conductance 


Alternating current of low 
intensity is used in all conduc- 
tance measurements usually of 
1000-2000 cps. A direct source 
of currgnt cannot be used as it 
Sets up an E.M.F. of polarisation 
which tends to oppose the flow of 
current. The conductivity cells Y 
of various shapes have been used N 
from time-to-time. The one used - ^ 
quite often is shown in Fig. 14.4. 


It is made of pyrex glass having Fig. 14. 4. Cell for the measurement 
the platinised platinum electrodes. Eton e 
Let R be the resistance of the solution. From the wheat-stone 
bridge equation at the balance point, we can write: 

RV. RE 

E T ++ + (14.13) 


The volume v of the solution containing 1 gm equivalent of elec- 


trolyte can be found out by analysing the ei 
denne y ysing the given volume of the 


Problem 14.2. The measured resistance of a cell containin 
equivalent of KCl in 1000 mlat 25°C was found to be 3468.9 ohne, the see 
fic conductance of this solution is known to be 0.012856 ohm-! cm-! at 25°C. 
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An exactly 0.1 N solution of another substance in the same cell had a resis- 
tance of 4573.5 ohms. Calculate the equivalent conductance of this électrolyte 
at the given concentration. (The conductance of the water is so small that 
it may be neglected.) 

Solution. For the KC] solution, resistance (R) is=3468.9 ohms. 

The specific conductance (k)=0.012856 and hence the cell constant, K is 
given by 

K=k.R,=0.012856 X 3468.9= 44.597 cm7* 


Hence for the other electrolyte, the specific conductance k is given by 


OK _ 44.597 _ anak fa 
x= R Gad —0.009751 ohm^* cm-7!. 
The equivalent conductance is given by equation 
A=1000k/C 


since the solution is exactly 0.1 N, it follows that C is 0.1000 equiv./litre and 
ence 


== 1000%0.009751 = 97.51 ohm-t-cm-* 


m 0.1000 


14.8. APPLICATION OF  CONDUCTANCE  MEASURE- 
MENTS 


The conductance of an electrolyte becomes smaller as the solution is 
progressively diluted. On the other hand, the molecular and equiva- 
lent conductivities increase with dilution until a limiting value is 
reached. Strong electrolytes, the salt of the acids like hydrochloric, 
nitric and sulphuric, have high values of equivalent conductivities 
which increase only moderately with increasing dilution. The weak 
electrolytes like acetic acid and other organic acids have much lower 
equivalent conductivities at high concentrations, but the values 
greatly increase with increasing dilution. This is shown in Fig. 14.5. 


NR NaCl 
* $ a: 
Sc 
oO: 
3 
36 
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LE : 
[173 
. Hj 
Reeth 
pests es pat og uel ga EN RN 
9 005 010 015 020 025 030 
due 


Fig. 14.5. Equivalent conductances of strong and weak electrolytes. 
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Kohlrausch gave an empirical relationship between the equivalent 
conductance Ao of an 'electrolyte and equivalent ionic conduc- 
tivities of the anions and of the cations. 


Ao =A to HAT . . . (14.14) 
where Atọ and Av are the ionic conductivities at infinite dilution, 
This is known as the Kohlráusch's law of independent migration of 
ions. 

Table 14.1 lists the values of ionic conductances of the anions 
and the cations. 


TABLE 14.1. 
Equivalent ionic conductances at infinite dilution at 25°C. 


lons 
(x 73.52 
i Nat 50.11 
Cations 
| Lit 38.69 
ur ) 349.82 
z is 
r7 : y 
Anions $ No,- 7144 
1S0. 79.80 


The conductance ratio. At any ‘concentration, the fraction of 
ionised electrolyte, «, equals the ratio of equivalent conductivity at 
that concentration to the equivalent conductivity at infinite dilution 
ie., 

— A .. Moles ionized E 04.15) 


a= = 


Ao total moles 


This provides a method for measuring the dissociation constant of 
a weak acid. A is found by measuring the conductance of a 
solution containing a known concentration of the acid and Ao can 
be jud from the sum of the ionic conductances. For an acid HA, 
we have. A A 


Ao=àg+ HAA- 


, Problem 14.3. The equivalent conductances, of sodium acetate, hydrochloric 
acid and sodium chloride at infinite dilution are 91.0, 426.16 and 126.45 ohm-^! 
peepee m 25°C. Calculate the equivalent conductance at infinite dilution 
or acetic acid: 


Solution. 


MCH,COONa =? CH,COO- +?” Nat 591.0 ohmi: 
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Xyci= gH c- =426.16 ohm 
X NaCI =? Nat +> ci -= 126-45 ohm 


CH,COO- + Ht 7" cgcoo-*^ Natt HET c- 
Nato cr 
oF »°CH,COOH =* cH,cooNa *? HCI7” NaCl 
—91.0--426.16—126.45—390.71 


ee conductance of acetic acid at infinite dilution is 390.71 ohm™* at 


Determination of solubilities of sparingly soluble salts. 
Several sparingly soluble salts in water, e.g., BaSO4, AgCl, PbS etc., 
ionise in a simple manner and for many purposes these may be re- 
garded as insoluble. If S is the solubility of a given salt in gram equi- 
valent per litre and x is the specific conductance of the saturated 
pn the solution being very dilute, the equivalent conductance: 
will be 


hom e «s (1416) 
Hence the solubility, 
s= 1000x 2s. (014.17) 
Ao 


Thus taking the value of Ay from the table of limiting equivalent: 
conductances , the solubility S can be calculated. 


Problem 14.4. For a saturated solution of AgCI at 25°C, x was fouud to be- 
3.41 X 10-* ohm-! cm-1. The value of K for water used to make up the solution: 
was 1.6010-* ohm-!cm-1, Determine the solubility of AgCI in water in moles; 
per litre at-25*C. The »? for AgCI at 25°C is 138.3 ohm"? cm~? equiv.—* 


Solution. The actual specific conductance of AgCl 


X AgCI = Ksolution — “water 
Hence « forAgCl is (3.41 —1.60)x 107* i.e., 1.81:«107* ohm? cm-? 
The »* AgCI at 25°C is 138.3 ohm cm~, 
Hence, by equation (14.15). : 


s= 10001.81x 10-* 
a 138.3 


— 1.31 x 1075 g. equiv. per litre; 


In this case, since gram equivalents and moles are identified, therefore the: 
solubility of AgCl is 1.311075 mol per litre at 25°C. 


Conductometric titrations. The conductance method can be 
employed to conduct the titrations of solutions in which there isa 
significant difference in specific conductance between the original 
solution and the reaction mixture after adding the titrant. The 
method involves the study of the variation of electrical conductivity: 
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of the solution during the course of titration. The conductance pro- 
duced by any ion is proportionalto its concentration (keeping the 
.temperature constant). In some cases, the conductance does not 
show a linear relationship with the concentration due to hydrolysis 
of reactants or products or partial solubility of a precipitated 
product. 


The relationship between the chemical reaction occuring during 
titration and the shape of the resulting curves have been discussed 
below in details: 


-Acid-base Titrations 


(a) Strong acid vs strong base. Consider the reaction in which 
‘a strong alkali, e.g,, 0 1 N NaOH is added to a solution of strong 
acid e.g , 0.01 N HCl. 


The reaction can be symbolised as follows: 
(H---CI-)2-(Na*--OH-)—- Na*-- CI -- H20 


The highly conducting hydrogen ions present initially in the solu- 
ition are replaced by sodium ions having a much smaller conductance 
whereas the concentration of chloride ions remains constant. 
Consequently, the conductivity of the solution diminishes. After the 
equivalence point, the further addition .of sodium hydroxide results 

' $n an increase of conductance since the hydroxyl ions are no longer 
consumed in the chemical reaction. 


Figure 14.6 (a) shows the graph produced in the above case. It 
consists of two straight lines intersecting at the equivalence point. If 
there is little volume change during 


the titration, the lines are practically 
straight lines. It is for this reason 
that alkali should be about 10 times 
as strong as the acid in order to keep 
the volume change small. 


(b) Strong acid vs weak base. 
When a strong acid is titrated against 
a weak base e.g., NH4OH, the first 
part of the curve is similar to strong 
acid vs EX base titration, as both 
are strong electrolytes. But after the 

eO beans scans equivalence point, the conductance 

strong alkali (say 0.1 N- does not vary so much, as the free 

NaOH vs 0.01 N-HC. — base behaves like weak  electroyte 

and its conductance is very small as 

J compared with that of the acid or 
åts salt. The shape of curve is as shown in Fig. 14.6 (b). 


E 
€ 
| 


Conductance 


Volume of alkali added —> 
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(c) Weak acid ys strong 
base. Whena weak acid e.g., 
acetic acid is titrated with a 
solution of strong alkalie.g., 
NaOH, the reaction proceeds ` 
as: 


(CH3COO" + H+) + (Nat + 
OH^) 


Conductance —» 


—-CH5COONa + H20 


The curve obtained in this TER TET 3 
titration is shown in Fig. 14.6 Volume of Weak aike)|- added sue 
Xo ds eH pe concent Fig. 14.6. (b) Conductance titration 
tion of any ion doesnot re- dese acid and weak alkali (e.g. 
main constant throughout. 0.1 N NH,OH vs. 0.01 N HCI). 
Initially the solution of a 
moderately weak acid has low conductance which is further 
decreased by adding the alkali solution. Though sodium acetate 
formed here has high conducting power yet there is a fall in conduc- 
tance, This is due to the repressing nature of the acetate ion i.e., 
due to common ion effect, dissociation of acetic acid is checked. On 
further addition of alkali, the amount of acetate ion increases regu- 
larly as it is released from the acetic acid, until the equivalence point 
isreached. After the equivalence point, the conductance increases 
more because of the excess of OH- ion and the curve resembles 
Fig. 14.6 (a) in its second part. 


AN 


T. 


Weak base 


Conductance ——» 


Alkaliadded ———> 


Fig: 14.6 (c and d). Conductance titration of weak 
acid vs base (strong and weak respt.). 


(d) Weak acid ys weak base. The complete titration-curve is ` 
shown in Fig. 14.6 (d). The portion before the equivalence point is 
similar to.14.6 (c) due to the reasons given above. After the 
equivalence point, the conductance remains almost constant. As the 
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free base is a weak electrolyte. The end point in this case is sharp. 
(e) Mixture of strong acid and weak acid vs base. The 
important feature of conductometric titration is that a mixture of a 
strong and a weak acid 
can be analysed in 


this type of titration, 
we get two equivalence- 
points. The first is due 
to the neutralization of 
strong acid and second 
one is due to the neu- 
tralization of weak 
acid. The first point 
gives the volume of 
Volume of Bese. added ——> alkali for strong acid 
and the difference bet- 

Fig. 14.6 (e). Conductance titration of mixture Ween the second and 

of strong and weak acid vs base. first gives the volume 

i of alkali used for weak 

acid. The nature of curve is as shown in Fig. 14.6 (e). 


(f) Strong and weak base vs acid. This can be done in the 
Same manner as the mixture of acids. The process in this case is just 
reverse as the strong base is neutralized first. The acid used is 
strong, and very dilute or of intermediate strength. The curve 
obtained is of similar nature as in Fig. 14.6 (e). 


(g) Displacement reactions. A reaction of the type NH4CI 
--NaOH-+NH,OH+NaCl, can be carried out by a conductometric 
titration. OH- ions, in this case. cannot accumulate in the solution 
until all the NH4* ions are tied up as unionised NH4OH. "Similarly, 
sodium acetate can be titrated by hydrochloric acid. The nature of 
curve for NH4CI vs NaOH is shown in Fig. 14.6 ( f). A mixture of 
a salt of weak acid and weak base can also be titrated against a strong 
base. The first break corres- 
ponds to the neutralization of 
the base while the second is 
for displacement reaction. 
Similarly, a mixture of weak 
acid and the salt ofa weak 
base can’ be titrated with 
Strong base. 

_ (4) Precipitation reac- 
tions, The conductance i 3 
pened is also applied to Volume of NaOH added — 

etermine the : equivalence Fig. 14.6 ( f). Conductometric! 
Point in precipitation titra- titration of NH,CI by NaOH. ` 
tions. The accuracy is in- 
creased by working with fairly dilute solutions in the presence of a 
relatively large amount of alcohol. Alcohol reduces the solubility of 


Conductance -=> 


End point 


ci” 


Conductance —» 


i 
i Na* 
i 
i 


single titrations. For, 
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the precipitate and also decreases the absorption. 5 
If KCl is titrated against AgNO3, KCl is replaced by an equivalent 

amount of KNO;, as shown below: 
(K++Cl-)+(Agt+NO3-)=AgCl+ K++ NO3- 


So, the conductance in early 
stages remains almost constant. 
After the equivalence point, there 
is sharp increase in conductance 
and we get a curve as shown in 
Fig. 14.6 (g). 


Similarly titrations between 
Ag2SO4 arid BaCl, MgSO, and 
AgNOs, etc., are carried out. In Volume of 
Sue of Ag2SO4 and vetu mo Precipitant added 
substances are precipitated simul- _ epr 
taneously. The conductance falls A Ded Hiraga 
to a very low value at the equiva- 
lence point and we get a curve as shown in Fig. 14.6 (h). Magnesium 
and other sulphates can be titrated by Ba(OH?) in a similar way. 


The method of conduc- 
tometric titration is poten- 


Conductancs. 


End point gt tially useful in any reac- 

i D tion where the ionic 

4, content is markedly less 
at the equivalence point 


ae than either before or after 
aN it. The accuracy is in- 
- —— LÀ creased by controlling the 
Volume of : BaCh(ml.) —— temperature and the cor- 
Fig. 14.6. (h). rection is applied for the 
volume change during the 
titration. Conductometric methods can be used for the analysis of 
very dilute or coloured solution where ordinary indicators give poor 
results. 

Determination of basicity of acids, The basicity of acids can 
be calculated on the basis of equivalent conductances. Ostwald in 
1887, gave an empirical relation: 

: A1024— A327 11b 
where A1024 and A32 are the equivalent conductances of the salt at 
dilutions of 1024 and 32litres per equivalent respectively at 25°C 
and b is the basicity of the acid. Of course, the method fails in case _ 
a eu weak acids whose salts are considerably hydrolysed in 
solution. 


i 
[ 
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14.9. THEORIES OF STRONG ELECTROLYTES 


Electrolytes, on the basis of their tendency to ionise, can be classified 
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into two types: 

(a) Strong electrolytes; and 

(6) Weak electrolytes. 

(a) Strong electrolytes are those which are largely or almost com- 
pletely ionised in solution. Their conductance ratio A/Ao approaches 
unity and does not measure the true degree of dissociation. Solu- 
tions of electrovalent salts are strong electrolytes. 


concentration (see Fig. 14.5) that those etectrolytes which lead to 
essentially linear plots are Strong electrolytes, while those which 
Seem to approach the dilute solution limit almost tangentially are 


. A brief qualitative account of the various. theories available to 
explain the behaviour of strong electrolytes is given below: 


Arrhenius theory. Considera neutral molecule AB, dissociating 
at equilibrium as: 


AB=At+ B- 
Applying the Law of Mass Action, we have 
Ga* xa“ 
Ka aa «+» (14.18) 


Where a terms. denote activities of various constituents. By defini- 
tion, > 


Where cis concentration and f is activity co-efficient. The activity 
Coefficient cannot be neglected in concentrated solutions. However, 
in dilute solutions, activity may be taken to be equal to concentra- 
tion (the activity co-efficient is equal to unity). Equation (14.16) can 


cat X cp 
Kum ete 
CAB 


_ _ Let the fraction « of the salt be dissociated ‘in a solution of con- 
centration e, Therefore, at equilibrium . 


C4B—c(1— «) and UON ES 
On substituting this in equation (14.18), we get 


<- . (14.20) 


ca? 7 
EA «+. (14.21) 
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Since the conductance ratio equals the degree of dissociation, i.e., 
owe 
Ao 3h 
Equation (14.19) can be written as: : 


A?c : 
Kae ee Sida: 
"^ Ao(Ao—A) (1422) 


Anl 
or K.= VAN A) ++» (14.23) 


where V (=+) is the dilution. Equation (14.23) isa well known 


equation of Ostwald dilution law. 


Arrhenius assumed that the ionic speeds were independent of the 
concentration of the solution. He ascribed the change of equiva- 
lent conductance with concentration to the change in the number of 
ions produced from one equivalent of the electrolyte, Arrhenius 
theory led to a great advance in our knowledge ofthe molecular 
behaviour of solutions of electrolytes. This theory met with some 
serious difficulties when it was tested with strong electrolytes. Some 
anomalies of Arrhenius theory are given below: 


(1) The Ostwald dilution law was not obeyed by moderately 
strong electrolytes. The values. forthe degree of dissociation « of 
strong electrolytes obtained from conductance ratios were not in 
agreement with those from Van’t Hoffi factors and the **disso- 
ciation constants” calculated by the mass-action law were far from 
constant. 


(2) Arrhenius theory predicted that the transport numbers of 
both the cations and the anions should increase equally with increas- 
ing dilution. This, however, provided no explanation why their 
relative mobilities should vary. 


(3) Though one of the interesting feature of the Arrhenius theory 
isthatit attributes the dissociation process to the solution of the 
electrolyte, it however, proceeds to ignore the role of the solvent 
and treats the solvent as if it were an inert medium. 


(4) The absorption spectra of dilute solutions of strong electro- 
lytes tevealed no evidence for undissociated molecules. 


The electronic theory of valency and the results of X-ray study of 
crystals of salts classed as strong electrolytes lead us to believe 
that these are completely ionised at moderate concentrations, Hence 
the variation of equivalent conductance cannot be ascribed toa 
change in the number of ions as this is constant for 1 gm equivalent 
of the electrolyte at all concentrations. 


The falling off in the equivalent conductance must then be due to. 
a decrease in the ionic velocity with increasing concentration. 
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This is the basis of the interionic attraction theory, the quantita- 
tive treatment of which is mainly due to the work of P. Debye and 
E. Huckel (1932) and of L. Onsager (1926). 


The theory is based on the assumption that strong electrolytes are 
completely dissociated into ions. The observed deviations from 
ideal behaviour are ascribed to electrical interactions between the 
jons. This comprises two parts: (a) ionic atmosphere, and (b) 
asymmetry or relaxation effect. 


(a) Ionic atmosphere. In any electrolytic solution, each ion is 
surrounded by oppositely charged ions. Consider a solution of 
sodium chloride. A central positive charge (Nat) attracts the 
electron clouds of oppositely charged ions (CI) in its vicinity. Each 
Nat will be surrounded by CI” ions. The centra] Na* will have 
an ion atmosphere of oppositely charged ions. This gives rise to a 
decrease in the velocity of the ion. See Fig. 14.7 (a) Picture of the 
cation with symmetrical ionic atmosphere about it, in the absence 
of an electric field, and (b) an instantaneous picture of a cation and 
its ionic atmosphere in an electric field. 


Negative atmosphere 


(a) (b) 


Fig.14.7. Origin of the asymmetry effect. 


(c) Asymmetry or relaxation effect. When a potential is 
applied across a solution, cations will move towards the cathode and 
the anions towards the anode. The oppositely charged ionic atmos- 
pheres take sometimes to readjust themselves. Since the ion and its 
atmosphere have opposite charges, there is an. electrostatic attrac- 
tion between them. This results in slowing down the motion of the 
ion. This effect on. the speed of the ion is known as the asymmetry 
or relaxation effect. Itarises dueto the lack of asymmetry in the 
atmosphere of a moving ion resulting from the slowness of readjust- 
ment of the ionic atmosphere. In addition, the factor which results 
in a retardation of the ionic motion, is the tendency of the applied 
E.M.F. to move the oppositely charged ionic atmosphere with its 
associated molecules of water of hydration ina direction opposite 
to that in which the central ion is moving. This results in an addi- 


tional retarding influence equivalent to an increase in viscosity of 
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the solvent on the moving ion. The atmosphere thus tends to drag 
the ion with it, and this is referred to as the electrostatic effect. 


The magnitudes of these effects have been taken into considera- 
tion inthe derivation of Onsager equation fora univalent strong 
electrolyte that is, an electrolyte which gives two univalent ions in 
solution. The Onsager equation is 

82.4 8.20 x 105 "e 
t (Dpym Ae ve 
(DT) * n .« . (14.24) 


where D is the dielectric constant of the medium, Tis the tempera- 
ture and y the coefficient of viscosity of the medium. It can easily 


be shown that the Debye-Huckel approximation becomes exact 
in the limit of zero electrolyte concentration. The Debye-Huckel 
theory becomes inaccurate for concentration in excess of 107? M. 

In a more general form of equation (14.24), we have 


A=Ao—(A+BaAo) Vc +++ (14.25) 


where A and B are constants for a given solvent and depend on the 
temperature. Plot of A against square root of the concentration 
(Fig. 14.8) show straight line behaviour at low concentrations, In 
recent years various attempts have been made to explain the bc- 
haviour of strong electrolyte. 


A=Ao— 


Equivalent’ Conductance at 25° C 


Fig. 14.8, Equivalent conductances of strong and weak 
electrolytes (Test of Onsager equation). 


Various attempts have been made to apply Debye-Huckel theory to 
concentrated solution, with certain modifications. These modifica-* 
tions, however, do result in some improvements, but do less wellin 
predicting the properties of real electrolyte solutions. This suggests 
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_ that a more refined model of the electrolyte solution is needed. For 
example in Debye-Huckel model, we have not taken into account 
van der Waals type interactions between the ion and the solvent. 
Clearly, the statistical molecular theory of electrolyte solutions needs. 
considerable development before it can be treated to give a realistic 
and quantitative description of the influence of ions on the structure 
of water and on the thermodynamic properties of the solution for the 
entire range of composition. 


14.10. TRANSFERENCE NUMBERS 


We have seen that the different types of ions move with different 
speeds under the same potential gradient. It, therefore, follows that 
the cations and the anions carry different amounts of electricity dur- 
ing the electrolysis. This current carried by individual ions depend 
upon its velocity, and the total current is constituted by the move- 
ment of cations and anions. 


“The fraction of the current carried by a given ionic species in the 
solution is called the Transport Number or Hittorf's number or trans- 
ference number of the ion and designated by the symbols." In the 
simplest case of a single electrolyte yielding two ions, denoted by the 
suffixes + and —, the symbols for transport number are t, and t- 
respectively. 

According the Kohlrausch law, the current carried by an ion is 
proportional to its ionic conductance. (The speed of anionina 
solution at any concentration is proportional to the conductance of 
the ion at that concentration). Thus we have 

Current carried by'cation ocAo* 

Current carried be anion c2, 

Total current « (Ao*4-29) 


i s Aot 
-. Transport number of cation, t}= n FA and 
Transport number of an anion; t acu A 

XP TE 


The transport number of the ions can be measured by finding the 
change in concentration round the electrodes. To illustrate this, let 
us consider the electrolysis cell shown in Fig. 14.9. Further, let the 
solutions be divided into three compartments by means of imaginary 
partitions ab and cd. In the diagram, © represents anion and e 
represents cation. Before electrolysis, the position of the ions is 
shown by the line I, where every anion is associated with a cation. 


« Case I. Let the cation and the anion move with the same speed 
and say two anions have crossed the partition towards the anode; 
then two cations will have crossed in the opposite direction towards 
the cathode. This is shown in line JI. As a result of this, excess 


— — 
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ions in the two compartments near the anode and the cathode are 
discharged as shown in line III. Here the cathode becomes dilute ta. 
' the same extent. 


Case II. Let the anion moves with twice the speed of the catiom 
and further let two cations reach the cathode. Then four anions will 
cross to the anode compartment. The state now is as in ZV. The 
excess ions near the anode and the cathode compartment are libe- 
rated. The state of the solution is as shown in V. The fall in the 
amount of electrolyte near the anode will be (5—3)—2 and that near 
the cathode will be (5—1)—4. These fall in concentration near the 
two electrodes are proportional to the speed of the ions leaving that 
compartment i.e., 


Fall near the anode Speed of cation 14.24 
Fall near the cathode ^ Speed of anion re 


Let t_ is the fraction of the current carried by the anion; then the 
fraction 1—t_ must be carried by the cation. Since the amounts of 
electricity carried are proportional to the speed of the ions, we have: 


Loss at anode ^ 1—t_ 


Loss at cathode ^ 1. 


If u is the speed of the anion and v is the speed of the cation, them 
we have 


t- 12 Loss at cathode u 
t.  l—t.  Lossatanode v rn 0425) 


14.10. METHODS FOR THE DETERMINATION OF TRANS- 
PORT NUMBERS 


There are two methods for the determination of transport numbers: 
(i) Hittorf method and (ii) Moving boundary method. 


(i) Hittorf method. Several types of apparatus have been devis- 
ed for the determination of transference numbers by the Hittorf 
method, the one which is most commonly used is shown in 
Fig. 14.10. 


The apparatus is filled with the experimental solution whose weight 
concentration is known. The electrodes are connected in series with 
asilver voltameter. The solution is electrolysed sufficiently long to 
give an appreciable change in concentration round the electrodes. 
However, too long a time must not be used otherwise the results will 
be vitiated by diffusion etc. A current of 0.01 ampere is passed for 
two to three hours. The solution from each compartment is. analysed 
atthe end of the experiment. There should be no chenge in con- 
centration in the middle compartment. The quantity of electricity 
passed through the cell is obtained from the increase in weight of the 
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cathode in the coulometer. Let a grams of the anode solution was 
found to contain b grams of the electrolyte on analysis. Then the 
solution contained a—b grams of water. On analysis of the original 


Silver cathode Silver anodo 


Fig. 14.10. Hittorf Method. 


Solution, let d grams be the amount of. electrolyte associated with the 
same amount of water. The decrease of electrolyte concentration in 
the anode compartment will be d—b grams or (d—b)/e equivalents 
where e is the equivalent weight of the experimental substance, If c is 
the number of equivalents of the material deposited in the coulo- 

- meter during the electrolysis, the transport number of the cation 
(t+) is given by: 

d—b 


= . + « (14,26) 


The transport number of anion (t_) is given by (1—14). 


(ii) Moving boundary method, The moving boundary method, 
on account of its relative simplicity and accuracy, has ‘been used for 
precision measurements. The apparatus employed is shown in Fig. 
14.11. It consists of a tube mounted vertically. A solution of elec- 
trolyte to be investigated MA e.g., potassium chloride, is placed 
in between layers of solutions of two other electrolytes M'A and 
MA’ each of which has an ion in common with MA e g., lithium 
chloride (M'A) and potassium acetate (MA. The solutions M" 
and MA’ act as indicators. The sharp boundaries are formed ata 
and b as shown. In order that the boundaries may remain sharp 
during the passage of the current, the speed of the indicator ion M’ 
should be less than that of M and that speed of A’ should be less 
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than that of the A ions. Under the influence of an 
electric field the boundary a moves to a’ and b 
moves to b’. The distances aa’ and bb’ depend on 
the speed of the ions. In actual practice only one 
boundary is observed. The volume swept out by the 
boundary on the passage Q coulombs will be given 
by la, where / is the distance through which the 
boundary moves and ‘a’ sq cm is cross-section of 
the tube in which the boundary moves. If one faraday 
of electricity passes through the system, t+ equiva- 
lence of the cation must pass any given point in 
one direction. If c equivalents per cc is the con- 
centration the solution in the vicinity of the boun- 
dary formed by the M ions, then the transport 
number of the cation (t+) is given by: , 
pha 
i Q 

A The number of coulombs passing can be deter- 
Vcr Ra mined from the silver coulometer. The transport 
method of dete, number of the cation can be determined. 
mining transport However, for a more accurate determination of 
number, the transport number, a correction must be applied 

i for the change in volume occurring as a result of 
reactions at the electrodes. 

Problem 14.5. Determine the transport numbers of the ions of an exactly 
0.20 molal solution of copper sulphate, the cell was filled with the solution 
and electrolysed between copper electrcdes for some time. The cathode 
solution from cell was found to weight 36.4340 g. and to contain 0.4415 g. of 


copper. Further the cathode in coulometer showed an increase in weight of 
0.0405 g. due to deposited silver. 


Solution. The 36.4340 g. of final cathode solution contained 0.4415 g. of 
copper, which is equivalent to 1.1090 g. of CuSO,. 
The weight of water in this solution was, then 
36.4340 — 1.1090— 35.3250 g. 
Now, since before electrolysis, the solution was 0.2000 molal, each gram of 


... (14.27) 


water had associated with it 0.2000x GU. g. of the salt. 


Hence 35.3250 g. of water had associated with them initially, 


35.325 ( i CuSO, jos ee 
o ( 0.200% See : 
=1.1276 g CuSO,. 


Therefore, the loss in weight of the copper sulphate i 
is equal to : Dp: phate in cathode compartment 


1.1276— 1.1090—0.0186 g. 


or 2:«0.0186/159.60— 0.000233 equivalent 
The total current passed through the cell is given by 0.0405 grams of silver. 


or 0.0405/107.87=0.000375 equivalent. 
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Consequently, the lossin copper sulphate due to deposition of copper on 

- cathode should have been this number of equivalents. But the actual loss was 

only 0.000233 equivalent and hence the differeace 0.000375 — 0.000233 —0.000142 

equivalent, must have migrated into this compartment. As the ion that migrates 

toward the cathode is Cu**, this number of equivalents must have been trans- 
ported by this ion and therefore, the transport number is 


0.000142 


t n 
Cu**= -0.000375 


while that of SO,--is 
!so,-- 7 —0.379) —0.621. 


=0.379 


Problem 14.6. Ina moving boundary experiment with 0.100 N KCl using 
0.065 N LiCl as indicator solution, a constant current of 0.005893 ampere was 
passed for 2180 sec. and the boundary was observed to move through 5.60 cm. 
in a tube of 0.1142 sq. cm. cross-section. Calculate the transference numbers of 
the K+ and CI- iors. 


Solution. The values of / and a are given, while that of Faraday is known; 
hence Q and C must be derived from the data to calculate t+ by equation 
(14.28). The quantity of electricity Q in coulombs is the product of the current 
in amp. and the time in sec. i.e., 0.0058932130 coulombs. The concentration 
C must be expressed in g. equiv. per cc., since / is in cm. and a in cm*. The 
solution of KCI contains 0.100 g. equivalence per litre, and this is 10-* Bg. 
equiv. per ml or perc.c. with sufficient accuracy, hence C is 10-* and by 
equation (14.28) 


pid 5.60 0.1142 965500 107* 
hl 0.0058935«2130 


The transference number of the K+ ion is thus 0,492 and that of CI- ion 
is=(1—0.492)=0.508. 


70.492 


Results of Transport Number Determinations 


Some of the results of transport number measurements are pre- 
sented in Table 14.2. 


TABLE 14.2. 
Transport numbers of cations in water solutions at 25°C 


Solution AgNO, Licl NaCl KNO; BaCl, K:S0, 
normality 


0.01N 0.4648 0.3289 ` 0.3918 0,5084 0.440 0.4829 
0.05N 0.4664 0,321I — 0.3876 0,5000 0.4317 — 0.4870 
O.100N 0.4682 0.3168 . 0.3844 ^ 0.5103 0.4253 0.4890 
0.20N = 0.3112 — 0.381 0.5120 0.4162 0.4910 
050N = 0.300 = — 0.3986 0.4909 
10N = 0.287 — = 0379254) 13 


The variation of the transport numbers with the concentration of 
the electrolyte was proposed by Onsager i.e., 


EE Al CE <. (14.28) 


where ¢ and fo are the transference numbers of a given ion in a solu- ' 
tion of concentration C and that extrapolated to infinite dilution 
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respectively. 4 isa constant. This equation is valid only for dilute 
solutions. 


14.11. ABNORMAL TRANSFERENCE NUMBERS 


Since the ions in solution are hydrated, hence the transport numbers 
are not those of ‘bare ions’ but of solvated ions. It has been found 
that solution of cadmium iodide exhibits a marked deviation in 
transport number with concentration as shown in Table 14.3. 


TABLE 14.3. 
Conc 0.0005 0.01 0.02 0.05 0.1 0.2 0.5N 
te 0.445 0.444 0.442 0.396 0.256 | 0.127 0.003 


The transport number of cadmium apparently becomes negative 
at concentrations greater than 0.5N. The negative value of trans- 
port number in concentrated solutions indicates that in cadmium 
iodide, cadmium is being carried in a direction opposite to that in 
which the positive electricity moves through the solution. The 
possible explanation for this abnormal behaviour may be due to the 
following reactions in a concentrated solution. 


CdDb--2LI- = CdI4- 


. Le., in a concentrated solution, appreciable amounts of cadmium 
are present as anions CdL?-. 


In a dilute solution, on the other hand, we have: 
Cdh = Cd?*--217 


_ Thus, if equal amounts of electricity are carried in opposite direc- 
tion by Cd?* and CdI,2- ions, the transport number of cadmium 
will appear to be zero. Further ifthe speed of CdL2- be greater 

than that of Cd?*, the apparent cation transport number will appear 
. to be negative. 


PROBLEMS 


1. Define the term electrolysis. State and explain Faraday’s Laws of electro- 
lysis. Bring out clearly the theoretical importance of these laws. 


2. Explain the terms : Conductance, specific conductance, equivalent conduc- 
fance and molecular conductance. Derive a relation between specific conductance 
and equivalent conductance of a solution 


3. A conductance cell with a constant of 2.485 cm-1 is filled with a KCI 
solution for which A=141.3 ohm-* cm? at 25°C. Ifthe specific eonductance of 
the water is 1.0x 10-6 ohm-!, what was the resistance of the solution? 


Ans, 2150 ohms.. 


g 
E 
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4. Which of the following units can be used for the cell constant? 
(a) cm~! 
(b) ohm-? cm~: 
(c) cm 
(d) ohm-! cm Ans. cm“? 


5. A conductivity cell has a resistance of 250 ohms when filled with 0.02 

M KClat25*C and one of 10° ohms when filled with 6X107* M ammonium 

hydroxide solution. The specific conductivity of 0.62 M KCI is 0.00277 ohm-? 

cm™ and the equivalent conductivities for NH,* and OH- are 73.4 and 198.0 

respectively. Calculate the cell constant and degree of dissociation of ammo- 
nium hydroxide in the 6x:10-5 M solution $ 

Ans. k=0.692 ; «=0.423: 


6. Discuss clearly the limitations of the Arrhenius theory. How are these 
accounted for on the basis ofthe theory of strong electrolytes by Debye and 
Huckel. 


7. Thespecific conductance of a saturated solution of silver chloride at 
25*C after subtracting the specific conductance of water is 2.28: 10-6 ohm-}, 
Calculate the solubility of silver chloride at this temperature (A,AgCl=138,3 


ohm-?), à 
Ans. 2.358 10-? gm. per litre. 


8. The specific conductance at 25?C of a saturated aqueous solution of 
SrSO, is 1.482x10-*, while that of the HO used is 1.5x10-* ohm-! cm-?, 


Determine at 25°C the solubility in grams per litre of SrSO, in water. T 
Ans. 0.0967 g/litre. 


9. State and explain Kohlrausch's Law of independent migration of ions. 
How does it help in determining the equivalent conductivity at infinite dilution 
of weak electrolytes. $ 


10. What is meant by transport number of an ion? Describe a suitable method) 
forthe determination of the transport number of Agt and NO,- ions ina 
solution of AgNO;. 


11. A AgNO, solution containing 0.00739 gm of AgNO, per gm of H,O is 
electrolysed between silver electrodes. During the experiment, 0.078 gm of Ag 
is deposited at the cathode. At the end of the experiment, the anode portion 
contains 23.14 gm of H,O and 0.236 gm of AgNO, What are the transport 


numbers of Ag* and NO;- ions? 
Ans. TÀg* =0.47 


12. A solution of lithium chloride containing 0.86356 gm of salt per 100 g of 
water was electrolysed using a Ag anode and AgCI cathode. At the end of the 
run, 1.375588 gm of silver had been deposited in a coulometer. The anode solu- 
tion, weighing 124.894 8, contained 0.72899 gm of salt rer 100 gof water and the 
cathode solution weighing 123.456 E contained 1.00032 g of salt per 100 g of 
water. Calculate the transference number of lithium ion from the data for each: 


solution. 
Ans. Anode- 0.3109 
Cathode— 0.3109 
13. The transference numbers of the ions in 1.00 N KCl were determined by 
the moving boundary method using 0.80 N BaCl, as the following solution. 
With a current of 0.0142 amp., thetime required for the bourdary to sweep 
through à value of 0.1205 c.c. was 1675 sec. What are the transport numbers of 

K* and CI- ions? 

Ans. t,=0.40 


t_=0.60: 


14. A solution of AgNO, containing 0.0074 g per gram of water. was electro- 
lysed using silver electrodes. During the experiment, 0.0785 g of Ag was deposit- 
ed ina silver voltameter. At the erd of electrolysis, 25 g of anode solution 
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- contained 0.2553 g of AgNO,. Calculate the transport number of NO;- ion. 
(Atomic weight of Ag=108 ; N=14, O=16). A sco 
ns. 0. 


15. Give suitable explanations for the following: 
i (a) The resistance of a metal increases and that of an electrolyte decreases on 
'raising the temperature: 


(b) When the concentration of an electrolyte in a solution is increased, its 
A conductivity increases and its equivalent conductance decreases. 


-à  (c) Equivalent conductances of hydrogen and hydroxyl ions are much greater 
.;than those of other ionic species. 


+: (d) Experimentally measured degree of dissociation of any strong electrolyte 
"^is less than one. 


_ 16. In a transport number determination experiment, it is essential to avoid 
*:3gas formation during electrolysis. Explain. 


z 17. Derive a relationship between ionic mobilities and equivalent ionic con- 
_ ductances of ionic species in solutions. How isthe degree of dissociation of 
| acetic acid determined ? 


Chapter 15 


IONIC EQUILIBRIA 


151. THE OSTWALD'S DILUTION LAW 


"The law of mass action can also be applied to equilibrium involving 
ions in the same manner as was done in chemical equilibrium. The 
application. of the Law of Mass Action to weak electrolytes was first 
attempted by Ostwald (1888) and the equation deduced by him is 
known as Ostwald’s Dilution Law. f 

Consider a binary electrolyte AB which dissociates into charged 
ions A+ and B- according to the equation 


j AB & At--B^ vw») 
If C moles/litre is the concentration. of the electrolyte and « is its 
degrees of dissociation, then the various concentration terms at 
equilibrium are given by 
C45—C(1—2), C4*— C« and Cr —C« 
Applying the Law of Mass Action, 


Pac «dapes 
s a C(i—2) 
a2C 
or Kc- 3) ... (15.2) 


The equilibrium constant. Kc for reactions involving ions is called 
the ionisation constant or dissociation constant of the electrolyte 
and,like other equilibrium, isa constant only at constant tempera- 
ture. 

If 1 gm molecule of the electrolyte is dissolved in V litres of the 
solution, then 

V=1/C (V is called the dilution for the solution) 


Therefore, equation (15.2) can also be written as 


a? : 
Ke= y i wae (15.3) 
Equation (15.3) which represents the variation of degree of disso- 
ciation with dilution is known as the Ostwald's Dilution Law, 
In case of weak electrolytes, the value of« is negligibly small as 
compared to unity so that 1—« = J A 
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Therefore, equation (15.3) becomes 
2 Qc 
y k cr a=V Kc.V 


In other words, the degree of dissociation for weak electrolytes is 
directly proportional to the Square root of dilution. 


In case of strong electrolytes, a is quite large and is not negligible 
in comparison to unity, The equation becomes a quadratic one. 


2 
(ERE =Ke or «?— KcV—aKcV 


This can also be written as 
a?-«KcV — KcV — 0 
from which « follows as 
a— KV +N KQVEEAKcV 
——M ——áe 


Experimental verification of the dilution law, Thc Ostwald: 
Dilution Law can be experimentally tested by substituting the degree 
of dissociation («) of a binary electrolyte at different dilutions (V) in 
the expression 3 

^ a 
Mer sey 


and thus calculating the value of Kc. If Kc comes out to be constant, 
the law is valid. [t was found that the law is valid only for weak 
eae (mainly weak acids and weak bases) in dilute solution qc 
is large). 


The degree of dissociation « is best determined by the expression 
Av 


g--——— 
Aoc 
where Ay is the equivalent conductivity at dilution V and A, is 
that at infinite dilution, Ay and à% can be easily determined by 
conductivity measurements and Kohlrausch’s Law of ionic mobilities. 
respectively. 


Limitations of Ostwald's dilution law, This law holds good 
only for weak electrolytes and fails completely in the case of strong 
electrolytes. The failure of the law in the case of strong electrolytes 
is attributed to the following factors : 


only ats infinite dilution. This is true for weak electrolytes and not 
for strong electrolytes, Strong electrolytes are completely dissociated 
at all dilutions i.e., «— 1. s 
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(ii) When applying Law of Mass Action to th? equilibrium involv- 
ing ions, concentration terms of all the reacting species were taken. 
As a result of the presence of ions in the solution, there are electro- 
static forces between charged particles. These interionic forces, 
although small in weak electrolytes, are quite significant in case of 
strong electrolytes. Hence, instead of using concentration terms, 
activities should be used. Thus, for the equilibrium 


ABSAt+ B- 
Law of Mass Action ‘is written in the form 


aAT.dB- 
K,————— 254 f 
t dAB Ce 
where a4*, ag- and aag are the activities of the cation, anion and 
the undissociated electrolyte respectively. Since the activity is related 
to the concentration by the following equation: : 


Activity (a) —Concentration (C) x Activity Coefficient ( f ) 


Cit CaM fat fo 
Ko RM 
Basin $5 Dod 4s 
The activity coefficient varies with concentration. As the concentra- 


tion decreases, f — 1. Only under extreme dilutions, Law of Mass. 
Action is applicable in terms of concentrations. 


15.2. CONCEPTS OF ACIDS AND BASES 


The nature and the concept of acids and bases has been a matter: 
of speculation since the time of Robert Boyle in the seventeenth 

century. The word ‘acid’ comes from the Latin word acidus, 
meaning sour. The first descriptive term for a substance oppo- 

site in properties to an acid was a word alkali; a word derived 

from the Arabic words al-qili, meaning the ashes of a plant. The first 
established characteristic of an alkali, was to destroy the action of an 

acid. Lavoisier in 1787 postulated that acids were binary compounds: 
containing oxygen. He showed that a number of elements such as 

carbon, nitrogen and sulphur burned in oxygen to give compounds 

which acted as acids in water solution. This was popularly known as. 
acid-oxygen theory, which remained ia existence until it was recognis- 

ed that acids do not necessarily contain oxygen. However, the first. 
attempt to give a structural definition of acids and bases was made 
by Arrhenius in 1887. Arrhenius defined an acid as a substance, 

which gives hydrogen ions (H+) in solution and a base as a subs- 
tance, which gives hydroxyl ions (OH-) in solution. Then the neutra- 

lisation process was simply H*-- OH^—H»0. Although these defini- 

tions of acid and base can satisfactorily explain some of the observed 
phenomena in aqueous solutions, they fail to explain all observed: 
phenomena both in aqueous and in non-aquéous solutions. 


A major improvement in the classical definition of acid and basess,. 
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' proposed by Arrhenius, was made by Bronsted and Lowry in 1927. 
They defined acids and bases in terms of proton transfer. According 
to them, an acid is a substance, which has a tendency to donate a 
proton and base is a substance, which has a tendency to accept a 
proton. It follows from these two new definitions of acids and. bases 
that when an acid donates a proton, there must be some base to 
accept it and vice-versa. This can. be illustrated :by the general 
'expression. 


Acid H*-- Base b 


Thus, we see that every acid has a base corresponding to it which 
differs by a proton. This base is said to be the base conjugate to the 
acid. 


Acids and Bases can either be neutral molecules or cbarged 
"particles. 


Bronsted also showed that a proton does not exist as H+ in 
‘aqueous solution but as hydrated proton, H3O*. 


H*--H20 > H30* 


H30* is known as the hydronium ions because of its resemblance 
‘with ammonium (NH4*) ion. The hydronium ion is further hydrated 
‘but for simplicity and convenience, it is taken as H3O*. Sometimes, 
it is further simplified by writing as H*. 


The difference between the classical concepts of acids and bases 
and the generalised concept of Bronsted and Lowry can be easily 
explained with several examples. Consider acetic acid as one of the 
examples. According to both the concepts, acetic acid is an acid. 
"The classical concept represents the ionisation of acetic acid as 


CH3COOH=CH;COO-+ Ht 
"whereas the generalised concept represents its ionisation as 
: CH3COOH --H20:3H30*4- CH;COO- 


In the latter equation, we see that acetic acid ionizes by donating 
the proton to a water molecule, which acts as a base. This results in 
the formation of a hydronium ion and an acetate ion. In the reverse 
reaction, H3O* is the acid because it can donate a proton to the 
-acetate ion, the base. Thus, we see that the reaction between an acid 
and a base always results in the formation of a new acid and a new 
‘base. Since the product acid, H3O* is formed when the reactant 
base, H20, accepts a proton; H30+ and H20 are said to comprise a 
conjugate acid-bise pair. Similarly, since the product base, 
'CH3COO- results when the reactant acid, CH3COOH,; donates a 
proton; CHCOOH and CH3COO- also comprise another conjugate 
-acid-base pair. Designating one conjugate acid-base pair in the 
reaction by the subscript 1 and the other pair by the subscript 2, the 
see expression for all types of acid-base reactions can be repre- 
‘sented as t 


Acid; 4- Base? = Acid;-- Base; 
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Acid,— Base; comprise one conjugate pair and Acid?— Base» com-. 
prise the other conjugate pair. 


Some typical examples of the ionization equilibrium of various. 
acids in water are given below: e nd 

Acid; Base; Acid; Base; 

HCl +H20 = H30* + CI 

HCOOH +H20 = H30* + HCOO- 

H3CO; -+H20 = H30* + HCO; 

HCO;  -H;0 = H;0* + CO; 

HNO; +H20 = H3O0* + NO; 

NH*, +H,O = H30* + NH; 

H20 +NH; = NH*4 + OH- 


In the above examples, it can be noticed that water behaves botha 
' asan acid and a base depending on the conditions of the reaction. 
Similar is the behaviour of HCOs- and alcohol. These types of sub- 
stances which can act both as an acid and a base are said to be- 
amphoteric. 


Relationship between the strengths of the acids and their- 
conjugate bases. The Bronsted-Lowry definition suggests that the 
strength of an acid is determined by its tendency to lose protons and 
the strength of a base is determined by its tendency to accept pro-. 
tons. Thus a strong acid will have a large tendency to donate a 
proton to another molecule while a strong base will have a large 
affinity for protons. Hydrochloric acid is said to be stronger than 
the acetic acid because HCI has a larger tendency to donate a proton 
to water molecule and the equilibrium 


Acid, Base Acid2 Base; 
HCl +H20 = H30++ CI 
(Stronger) (Stronger) (Weaker) (Weaker) 
shift considerably to the right and the reverse reaction, which repre- 
sents the transfer of a proton from the acid H3O* to the base, occurs, 
to a very small extent only. Thus CI” is a weak base. i 


But in the case of acetic acid, the equilibrium 


Acid; Base2 Acid? Base; 
CH3;COOH4- H20 = HO + CH;COO™ 
(Weaker) (Weaker) (Stronger) (Stronger) 


is more on the left side than on the right side because CH3COOH is: 
a weak acid and its conjugate base, CH3COO- is strong. 


In general it can be said that the stronger an acid, the weaker is 
its conjugate base and vice-versa. 


In order to compare the strengths of various acids, it is necessary 
to measure their tendencies of transferring a proton to the same com- , 
mon solvent. (Measurements are done in terms of dissociation con- 
stants). Thus, by measuring the ability of various acids to transfer- 
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a proton to glacial acetic acid, we can rank them in the following 
»order of decreasing strength: 


HCl04>HBr>H,SO4,>HCI>HNO; 


(Although acetic acid is a weak acid but still it has a tendency of 
accepting a proton only from a very strong acid.) The ionization of 
a strong acid in acetic acid takes place as shown below: 


Acid; Bàse; Acid2 Base; 
HA + CHCOOH = CH3COOH*; + A7 


In the case of weak acids, such as acetic acid, strength can be 
measured in water, but in the case of strong acids, it is not possible. 
This is due to the fact that all Strong acids are completely ionized 
in water and the product H3O* formed is the strongest acid that 
'can exist in water, Thus in water, all strong acids appear to be 
equally strong and their strengths cannot be distinguished. This 
effect is known as the “levelling effect?" of the solvent and can be 
overcome by using a weaker base than water. It is due to this reason 
that strength of strong acids as listed above is measured in glacial 
acetic acid as the solvent. In acetic acid, even the strong acids are 
‘slightly ionized. 


Lewis acid-base concept. In 1923, G.N. Lewis proposed a new 
‘concept of acids and bases in terms of sharing of an electrons pair. 
According to this theory, a hase is a substance which donates a pair 
-of electrons in covalent bonding and an acid is a substance which 
accepts the pair of electrons from the donor substance, the base. The 
acid is known as the electrophile and the base is known as the 
nucleophile. Thus in the neutralization process, a covalent bond is 
formed in which both the electrons of the shared pair are provided 
by the base. This theory also leads to the fact that there is a close 
‘similarity between acid-base reactions and oxidation-reduction reac- 
tions because both acids and oxidising agents have a tendency to 
Fare a pair of electrons from bases and reducing agents respec- 
tively. 


Examples 


ud The reaction between boron trifluoride, BF; and ammonia, 
4 ; 


F H FH 
EZB :N:!N—>F:B:N:H 
F H FH 

acid base 


Xii) The reaction between H+ and OH- ions 


Ht i0:Hs—- H:0:H 


sete 
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Mi The reaction between aluminium trichloride and dimethyl 
ether 


e CHa c CB; 
Cl: Al + i0: am Ch Al: O: 


ca CH; c CH; 
(iv) The reaction between silicon tetrafluoride and fluoride ion 


SiF,--2:F- —- SiFZ- 


i acid base 
Lewis theory is much ‘broader in scope than .Bronsted-Lowry 
Í theory because the Lowry theory focuses attention on the electron 
pair rather than on the proton. 


15.3. HARD AND SOFT ACIDS AND BASES 


The difficulty of Lewis concept is that it cannot measure precisely the 
strength by a singletype of reaction. This has, therefore, led to other 
means of classifying reactions of Lewis acids "with Lewis bases. One 
of the most useful is the concept of hard and soft acids and bases. 
A hard acid is one in which the acceptor atom of the acid is small, 
has a high positive charge and has no valence electrons that can 
easily be shifted from their positions near the nucleus, Examples are 
Lit, H3O* and AP*., 

Soft acids have large acceptor atoms, zero or small positive charge 
and several valence electrons, that can easily be shifted or removed. 
Examples are Ag*, Hg?* etc. 

Hard bases are those that hold tightly to their valence electrons 
such as OH- and F~. Soft bases have positions of their valence 
electrons easily shifted by positive charges in their neighbourhood 
or even removed to other nuclei. Examples are I> and CO. The 
guiding principle in these reactions is that a stable compound tend 
to be formed when hard acids combine with hard bases and soft 
acids combine with soft bases. Table 15.1 gives some common exam- 
ples of hard and soft acids and bases. 


TABLE 15.1 
Acids and bases classified as hard and soft 
Acids $ Bases 
Hard Soft Hard Soft 
Lit Agt OH- CH;S- 
Mg* Hg+ F- I- 
Ap T+ NH; (CH;)P. 
AICI; GaCls (CH;),0 co 
BF, InCls CH,0H CH,SH 


H,0* 
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15.4, IONIZATION CONSTANTS OF ACIDS AND BASES 


The equilibrium constant principle cannot be applied to the ioniza- 
tion of strong acids and strong bases in a solvent like water because 
they are completely ionized. But ionization equilibria of weak 
Ser ds can be easily studied in water as they are feebly disso- 
ciated. © 


(i) Acids. The ionization equilibria of any weak. monobasic acid 


HA such as acetic acid dissolved in water can be represented by the: 


equation 
HA+H20 = H30*--A- 
The equilibrium constant in terms of activities is given by 
45,0 Xaa" 
4HA X 41,0 
If the solution is dilute, water will. be in excess and hence the: 


activity of water apo May be taken equal to its concentration,. 
which is a constant (k): Thus ; 


Ka +. (15.5) 


447,04 X aa” 
eR NCI A testa CIDG 
Replacing the product of the constants K and k by Ka, we get the 
simple expression i 
ies @y,0+ X447 
; AHA 3 
The constant K, is known as the ionization constant of the acid). 
HA. For further simplicity, 4H,O* can be replaced by ap subject: 
to the condition that ag. refers to the activity of hydrogen ion im: 
Solution and not to a Proton. 


Therefore, more simplified form of the ionization constant K, of 
the acid is written as 


— att Xaa 

Ka= aa e e (15.7) 

Replacing the activities by the product of corresponding concen- 
trations (C) and activity coefficients (f), equation (15.7) becomes 

Ka (Cn? X fu*Y(Ca7 x fr) 

5 (Cua X fira) 

Cat XCar fat xfa 

Cia fia +++ (15.8) 


„ Uf Cis the original concentration of the acid HA in water and « is. 
- its degree of dissociation, then at equilib: ium 
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Cu 4-C(1—«) and Cg* — C47 =Ca. 

Substituting these values in equation (15.8), we get 

L EC S fwtxfa- 
Ko—i1-X fia s. (15,9) 

For dilute solution, the activity coefficient factor on the right hand 
side of equation (15.9) can be taken close to unity. Therefore, 
equation (15.9) can be rewritten as 

: m 
= .. (15.10) 
Again for weak acids, « will be very small and 1—a=1. Under 
these conditions, the equation for « reduces to 
aC S (15.41) 
( ris « and C, it is possible to calculate K, from equation 
15.11). 

Equation (15.11) can also be utilized for comparing the strengths 
of two weak acids in the common aqueous solution having same 
concentration. If œ; is the degree of dissociation of one acid having 
concentration C and «, is the degree of dissociation of another acid 
of equal concentration, then from equation (15.11), the ratio of the 
two degrees of dissociation is given by 

Oy Ka, 


a2 Ka, 
where Ka, and K, are the ionization constants of the two acids 
taken into consideration. 

But « is a measure of strength of an acid. Therefore, ) 

Strength of acidi — — | Kacid, 
Strength of acida ‘V Kacid, 

(ii) Polybasic acids, Polybasic acids are those which contain 
two or more ionisable hydrogen atoms. They do not ionize in a 
single step, but in successive stages depending on the number of pro- 
tons. Consider, for example, the dissociation of carbonic acid. It 
being a dibasic acid, ionizes in two steps as shown below: 

Ist Stage H2CO; + H,O = H30* + HCO 
2nd Stage HCO;- + H20 = H30* + CO- 


The corresponding ionization constants of the two stages are given 
by 


++ (15.12) 


Ki =1H+ x "HCO;- 
1 
E 4H,CO,- 
age X aco,- 


Mo ^ aco, 
3 
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Similarly the dissociation of tribasic acid, for example, phos- 
phoric acid, takes place in three stages as given below: 


Ist Stage H3P04+-H20 = H30* + H,PO47 

‘2nd Stage H2P0,-+H20 = H30* + HPO,?- 

3rd Stage HPO42---H;O = H30* + PO,- 
` The corresponding ionization constants are given by 


aat X aH, p0,- 
4H,PO, 
an* X agpo, a- 
m 4H,PO 
fns antx apo,- 
^ agpo 


„ The values of the ionization constants can be determined by con- 
ductance measurements, It has been found that in any dibasic acid, 
the dissociation is more complete in the first stage than in the 
Second stage ( Ka, > K a,) While in any tribasic acid, the dissocia- 
tion in first stage is greater than in second stage and that in the 
Second stage is greater than in third stage (Ko, > Ka, >Ka,). Each 
‘stage involves a true equilibrium between the ionized particles and 
the unionized molecules. In the case of sulphuric acid which being a 
"Strong acid, dissociation is complete in the first stage but dissocia- 
tion in the second stage is incomplete and hence Ka, can be 
«calculated. 


a 


eu 


and 


_ But in phosphoric acid (weak acid), each stage involves a partial 
ionization and hence the three ionization constants can be deter- 
mined. The values of these ionization constants at 25°C are K a= 
7.52 X107, K a, =6.22x 1078 and K 4, —4.8x 10-5, 


.. The reason for the decrease in values of ionization constants in 
‘Successive stages lies in the fact that tendency for the loss of proton 
is maximum for uncharged molecules, e.g., H;POs, and decreases as 
the negative charge on the molecules, from which the detachment of 
the proton is to take place, increases. As the negative charge on the 
molecules increases, electrostatic attraction will also increase and 
thus the removal of electron will also become more and more diffi- 
cult in the successive stages. 


Ionization constants of some weak acids at 25°C are given in 
Table 15.2. : 


(iii) Bases. Consider a weak base BOH, such as ammonium 
-hydroxide, Its ionization can be represented by the equation 
BOH=B+ + OH- 


aa 
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The ionization constant, K, of the base is given by 
ias ast . don” 
ABOH 
As in weak acids, the equation for Ko can also be written as 
a2C Jst . fou 
Kym——— ye SE 
P nale) x Sou 


Again for dilute solutions, activity coefficient of each component 
will be approximately equal to unity. Therefore, 


` 


Benzoic acid C,H;COOH- 6.29 x 10-5 
| Chloro acetic 


a2C 
A= =a) 
TABLE 15.2 
Tonization constants of some weak acids at 25°C 
Acid Formula K 2 K ds K,, 

| Acetic acid CHCOOH ^ 175x10-* 

| Formic acid HCOOH, 1.774x 10-4 

| . Boric acid H,BO, 5.80% 10-19 . 

| 


acid CH,CI.COOH 1.38 13-8 
Dichloro acetic 
| acid CHCI,.COOH 5x10- 
| Hydrocyanic 
| acid HCN 72x10-» 
| Carbonic acid H3CO; 4.52X10-77 4.69x 10-11 
| 'Oxalic acid H,C,0, 5.02xX10-* — 5.18x10-5 
| Phthalic acid C,H,COOH)  1.2Dx10-* ^ 3.80x10-5 
Phosphoric 
acid H;PO, 7.52X10-* — 622x107 4..8¢ 19-18 
‘Sulphuric acid HS0, Strong 1.01 x 1073 
TABLE 15.3 
Tonization constants of some weak bases at 25°C 
Base Formula Kb 
Ammonia NH,OH 1.81x1075 
Methyl Amine CH;NH; 4.38x 1071 
Dimethyl Amine (CH;).NH 5.12X10-4 
Trimethyl Amine (CH;)3sN 5.21x 10-5 
Aniline C,H,.NH, 3.83 10710 
Pyridine CHN 1.4x10-? 


Urea NH,CONH, 1.5X10-+ 
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Hence from the knowledge of « and C, K, can be calculated. 


Tonization constants of some weak ‘base fat 25°C are given in 
Table 15.3. : ; 


15.5. IONIZATION OF WATER (IONIC PRODUCT OF 
WATER) 


. We know that water is a substance which can act both as an acid 
and a base, so it is not surprising that in all aqueous solutions as in 
water, the equilibrium shown below exists. 


H.0+H20=H30++OH- NE (1513) 


For simplicity and convenience, the ionization of water is general- 
ly represented by the equation 


H20:3H*--OH- +.» (15.14) 


Conductance measurements and other evidence show that the 
reaction proceeds to a small but easily measurable extent. 


Applyingthe Law of Mass Action, the equilibrium constant is 
given by 


NOM 
Ex aH" aon 
44.0 

However, since water is dissociated to a very small extent, its acti- 


vity in an aqueous solution may be regarded as constant. Including 
this constant in K, equation (15.15) becomes 

Kw-an*Xaon- «+ (15.16) 

The constant Kiv is known as the ionic product of water. It in- 

dicates that in pure water or in any aqueous solution, both hydrogen 

and hydroxyl ions are present and the product of their activities is 

always constant at given temperature. For dilute solutions, the 


activities can be replaced by the corresponding concentrations. In 
terms of concentrations, the constant is written as 


K'w=Cut x Con 615,17) 
The value of the ionic product of water can be easily measured 
by various methods based on conductance measurements and E.M.F. 


measurements. A list of the values of Ky at various temperatures is 
given in Table 15.4. 


From the table, we find that the value of Ky increases rapidly 
with increasing temperature. At 25°C which is generally the experi- 
mental temperature, Ky=1 x 10-14, Again, pure water is neither 
acidic nor basic and hence will have equal concentrations of hydro- 
gen ions and hydroxyl ions at any temperature. Therefore, at 
25°C, Cut X Cog =1 X 10-4 gram ion per litre, 


An aqueous solution in which Cir*t— Cog-—1 x 10-7 is said to be 


11545. 


TONIC EQUILIBRIA 421 


TABLE 15.4. 
Temperature °C Kw 
oc 0.114% 10-14 
-10°C 0.292 10-14 
20°C 0.681107" 
25°C 1.008 10-4 
30°C 1.468 x10-1* 
40°C 2.919 10714 
50°C 5.474x 1071 


neutral. When Cu+t>Con™, the solution is acidic and when 
Cu*<Cou™, the solution is basic. But irrespective of the fact that 
whether the solution is acidic or basic, the ionic product of water is 
always constant at a constant temperature. i; 


The ionic product principle is -of great importance and can be 
applied to any solution containing water for the calculation of 
concentrations of hydrogen ions and hydroxyl ions. 


15.6. THE pH SCALE 


Since hydrogen ion concentration of a solution can vary within 
very wide limits (from 1 gram ion to 107!4 gram ion per litre in 
solutions), it becomes essential to devise a scale which can express 
hydrogen ion concentration in a convenient way. Sorensen in 1909 
suggested the use of the pH scale with the help of which one can 
very conveniently express hydrogen ion concentrations. In its original 
form, the pH of a solution is defined as the negative logarithm to the 
base 10 of the hydrogen ion concentration in gram ions per litre. 
Thus 
pH=—logiy Cut 1.2 (15.18) 


Now a days, the concentration term is replaced by the activity and 
the modified form of the pH scale is 


pH-— —logi, ayt : .. . (15.19) 
It can also be written as 
ant=10-PH 


Thus, if the pH of a solution is 4, ag*—107^ while if the pH of a 
solution is 11, ag ^—10^1!, 


In the same manner, the activity of hydroxyl ions, ionization cons- 
tants of acids and bases, and the ionic product of water can be given 
logarithmic expressions; thus 


pOH=—logio aoy-, PKa=—logiy Ka 
and pKy- —logigKyw. Pee (19:20) 
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Since in any aqueous solution, the ionic product of water is express- 
.ed as 


aa+.aon —Kw 


or —logig an*—logio aon^ — —logio Kw uo ERAD 
Using equations (15.19) and (15.20), we get 
pH-+-pOH=pKw = oe (15.22) 


It follows from equation (15.22) that the sum of pH and pOH for 
any aqueous solution is always constant and is equal to pKw. 


At a temperature of 25°C, 
K,—10714 
‘Hence pH+pOH=14 


For a neutral aqueous solution, pH=pOH=7 while if the solution 
is acidic, pH<7 and if the solution is basic, pH>7. 


pH and Drug Action 


A number of drugs are either weak acids or weak bases, such as 
phenols, sulphonamides, alkaloids, e.g. codeine and barbiturates 
e.g. phenobarbitone. The extent to which such drugs are ionised 
depends upon their pK, values and the pH ofthe medium in which 
they are used. . 


NH, 
P—aminobenzoate 


activity of 2, 4 dinitrophenol isa case in point. The biological active 
form of p-aminobenzoic acid, pK, 4.8, is probably the anion. Neutral 
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molecules usually penetrate cell membranes much more readily. than 
do ions, because ions being hydrated have a greater size and depend- 
ing on their charge, are either repelled by or adsorbed by the charg- 
ed protein in the membrane. i 

Problem 15.1. Find the pH of the following solutions: 

(i) 0.1 N HCI; (ii) 0.0032 M H,SO,; and (iii) 0.05 N HNO;. 

Solution. (i) pH= —logi Cg. : 

In 0.1 N HCl; Cy+ =0.1 


pH- —log 0.1=1 
(ii) Since molecular weight of H,SO, is twice its equivalent weight, there- 
fore 0.0032 M H,SO, is same as 0.0064 N H4SO,. 


In 0.0064 N H,SO,, C+ 50.0064 or 64x 107* 


^. pH 2 —log;, 6.4x 10-* — 3—0.6062=2.1938 
(iii) In 0.05 N HNO, Cg, -0.05 


«V PH= —log, o 0.05 = 1.3010 
15.7, COMMON ION EFFETS 


If to a solution of a weak acid or a weak base, some ions commorm 
to the acid or base are added, the degree of dissociation of acid or 
base is suppressed. Thus, if to a solution of acetic acid, some acetate 
ions are added in the form of sodium acetate, the dissociation of 
acetic acid is very much reduced. Similarly, hydrogen ions added in 
the form of hydrochloric acid will also. suppress the dissociation of. 
the acid. This effect onthe dissociation of the acid or base on the 
addition of the common ion is referred to as the common ion effect, 
and is an example of Le-Chatelier's principle. 

Similarly, when solutions of two electrolytes with a common ionr 
are mixed, the degree of dissociation of each of them is suppressed 
but the effect is more marked for the weaker of the two electrolytes. 


The equilibrium 
CH3;COOH+ H20=H30+-+CH3;COO- 

will shift to the left byan increase in the concentration of acetate: 
ions or hydrogen ions. 

Similarly, the equilibrium 

NH,OH=NH¢++ OH- 

will also shift to the left by an increase in the concentration of 
ammonium ions or hydroxyl ions. F 


Problem 15.2. The dissociation constant of acetic acid at 25°C is 1.75X 10-5. 
Calculate the degree of dissociation and the pH of the solution in a 0.500 M: 


acetic acid solution. 
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‘Solution. For the reaction 
CH,COOH+H,0=CH,COO-+H;0* 
"the equilibrium condition is 


[CH,COO-] [H,0*] 
Ka=-~ TCH,COOH] — 


If c is the initial conc. of acetic'acid and « is its degree of dissociation 
then  [CH,COO-]=[H,0*]=ca 
[CH,COOH]=c(1—«). 


CeCe 3 Ka 
Anas Ka aa) ca? Or a 2 
‘Here Ka=1.75X10- and c=0.500 
ren 
30 that vi LXI 25.92x10-4 


pH=—log [H,0+]= —log (ca) 
= —log (0.500 5.92 10-*) = 2.529. 


Problem 15.3. A solution is 0.1 molar in HCN and 0.1 molar in NaCN. 
‘Calculate the concentration of hydrogen and hydroxyl ion if the ionization 
constant of HCN is 7.2x 1079. 


Solution. NaCN, being a strong electrolyte, completely dissociates to give 
0.1 mole of CN-. Cyanide ions are also produced by the ionization of HCN. 
Af « is the degree of ionization, then 


[CN-]-0.1-£4C 
` [HaC 
and [HCN]- C(1 — 4) 
‘ _ &C.(0.14-aC) 
if S mE ora (es) 


- Substituting the values of Ka and C, we have 


72x 10-105 20.10.12) 
Y 1—a 


or 2—72x10-* 
and [H*+]=Ca=7.2 X107*x0.1—7.21071? moles/litre 
n "i 1 0-14 
and [OH-]= a =1.4X10-5 moles/litre 


15.8, BUFFER SOLUTIONS 


Tt has been observed that even the purest form of water does not 
retain a constant value of pH=7 for a long time. This is due to the 
fact that the carbon dioxide from air or silicates from the glass con- 
‘taining water may dissolve in water thereby making the solution 
slightly acidic or basic respectively and pH will correspondingly be 
changed. 
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Since there are various chemical reactions and bio-chemical reac- 
tions in particular which can take place more rapidly in solutions of 
specific pH values, therefore, it becomes essential to have solutions 
which can maintain constant pH values even if some little acid or 
base is added. Such solutions which are resistant to change of pH 
when some acid or base is added to them are called Buffer solutions or 
simply buffers. 

Buffer solutions are usually those solutions which contain a 
mixture of a weak acid and its salt such as acetic acid and sodium 
acetate or a weak: base and its salt such as ammonium hydroxide 
and ammonium chloride. Solutions containing salt of a weak acid 
and a weak base, such as ammonium acetate, also have some buffer 
action. 

In a qualitative manner, the buffer action of such solutions can be 
readily explained as follows: 

(i) Buffer action of solutions containing a mixture of weak acid 
and its highly ionizable salt such as acetic acid and sodium acetate. 
Such a solution will contain excess of acetate ions, a large amount of 
unionized acetic acid anda small amount of hydrogen ions (H30*) 
formed by original ionization of acetic acid. When hydrogen ions are 
added to this solution in the form of some acid such as HCI, they 
will combine with the acetate ions to form more unionized acetic 


acid. 
H30*--CH3COO- — H04-CH3COOH 

Thus hydrogen ions added are removed by excess of acetate ions 
already present and the solution will retain its constant pH. value. 

When some base, such as sodium hydroxide is added, the hydro- 
xyl ions added will be removed by reaction with acetic acid. 

OH-4-CH; COOH -CH; COO-4-H20 

Thus, again the solution will maintain a constant pH value. 

(ii) Buffer action of solutions containing a mixture of weak base 
and its highly ionizable salt such as ammonium hydroxide and 
ammonium chloride. 

This solution will contain excess of ammonium ions, a large 
amount of unionized ammonium hydroxide and a small amount of 
hydroxyl ions. 

On adding some strong acid such as HCI, the hydrogen ions added 
will be removed by ammonium hydroxide. 

H30* --NH4OH = NH4*--2H;0 

Thus the solution will suffer no change in pH. 

Similarly, when a base is added, the hydroxyl ions added are 
removed by reacting with ammonium ions to form unionized ammo- 
nium hydroxide. Thus, the reaction 

OH---NH4*—NH4OH 
helps the solution to retain constant pH value. 

(iii) Buffer action of solutions containing salt of a weak acid and a 
weak base such as ammonium acetate. 
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Such a solution will contain excess of both ammonium ions and 
acetate ions. If some acid is added, the hydrogen ions added will be 
removed by reaction with acetate ions and if some base is added, 
the added hydroxyl ions will be removed by ammonium ions as. 
Shown below: 

H30*--CH3COO- —CH3COOH 4-H50 ; and 
OH---NH4,*—-NH40OH. 

Thus in both the cases, the solution will not change its pH. i 

It should be remembered that the above considerationsare appli- 
cable only when the amount of acid or base added to the buffer 
Solution is small. 

Calculation of pH values of buffer solution. Consider a 
buffer solution containing a mixture of acetic acid and sodium 
acetate. Let C, and C3 be the initial concentrations ofthe acid and 
salt, respectively. The pH value for this solution can be easily 
calculated from a knowledge of the ionization constant of the weak 
acid as follows: 

The equilibrium expression for the dissociation of acetic acid for 
the buffer solution is 

—.[CHs3COO TH] 23) 
Ka TCHsCOOH] a? 

[CH;COOH] 4) 

[CH;COO-]- ... (15.24) 
Where K, is the ionization constant of the acid and the terms in the 
bracket stand for the concentrations of various species involved. 

Now, since acetic acid is a weak acid, it will undergo dissociation. 
to a very small extent. In the presence of sodium acetate which is 
completely dissociated, it can be assumed that acetic acid is not 
dissociated at al]. Hence concentration of the unionized acetic acid 
can be taken equal to the initial concentration of the acid. 

Thus, [CH;COOH]- C, (initial concentration of the acid) 

For the Same reason, the concentration of the acetate ions can be 
taken approximately equal to the concentration of the salt. Thus, 

[CH;COO Jc coo, = [CH;COO Jaca -[CH3COO "Ic cooNa 

=C% (initial concentration of the salt) 

Thus, hydrogen ion concentration from equation (15.24) with 
fair approximation is given by 

+)» [Acid] 

[H*]—K, [Salt] 3x5 (15.25) 
where the terms in the brackets refer to the concentrations of the 
acid and the salt respectively. On taking the logarithms and revers- 
ing the signs throughout of equation (15.25), we get 
[Salt] 

[Acid] 


or [H*]—K, 


—log [H*]-- — log Ka+log 
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É [Salt] 
or pH=pK,+log STAeid]s «+» (15.26). 


, Equation (15.26) is known as the Henderson-Hasselbalch equa- 
tion. With the help of this equation, one can easily calculate the 
pH of the buffer solution by knowing ionization constant of the- 
acid and the concentrations of the salt and acid. Alternately it can 
be employed to prepare solutions of desired pH values. As a rough 
rule, to prepare a buffer solution of given pH, we pick up an acid 
with pK;z:pH. We then calculate the ratio of concentration of the 
salt and the acid to be used. 


Use of Buffer Solutions 

Buffer solutions find numerous applications in the fields of 
analytical, pharmaceutical and biological systems. Buffer solutions 
are used for preparing standard solutions of definite pH values 
which are insentive towards the addition of small quantities of 
acids and alkalies. Many chemical reactions with organic reagents. 
can be achieved only at a definite pH value of the solution. Citric 
acid is used for stabilishing milk of magnesia. Penicillin preparations 
are stabilised by the addition of sodium citrate or aluminium hydro- 
xide. Sulphonamide preparations usually contain sodium bicarbonate, 
sodium acetate or sodium citrate which act as buffers. Buffer solu- 
tions are immensely employed in the formulation of Opthalmic 
preparations. 


Blood is maintained ata pH of about 7.4 by the buffers in the 
plasma. The plasma contains carbonic acid, carbonate and sodium 
salts of phosphoric acid as buffers. Tears have been found to have a 
great degree of buffer capacity, allowing a dilution of 1:15 with 
neutral distilled water before an alteration of pH is noticed. 

Problem 15.4. A buffer solution was obtained by 8.3 gms of acetic acid and: 
16.0 gms of scdium acetate. The buffer is diluted to one litre. Calculate the 


pH of the solution if 0.70 ml of IM HCl is added to it. The dissociation constant 
of acetic acid is 1.8X 10-5. (Molecular weights of acetic acid and sodium acetate 


are respectively 60 and 82). 


é [Salt] 
Solution. pH=pKa+ logis [Acid] 
Here, PKa=—1l0819 Ka= —10g;,(1.8:X 10-5) =4.7447 
[Salt]= 16.0 0.1950 gm mole 
E 8.3 
[Acid] = I = 0.1383 gm mole 


On adding 0.7 ml of 1N HCI. we have moles of HCl added —0.7 ml of 1 molar- 
70.0007 gm mole. (Increase in volume on adding HCI is negligible.) 
Thus, on adding HCl, concentration of the H+ increases by 0.0007 gm ion. 
The concentrations of salt and acid, then, become 
[Acid]=0,1383+4-0.0007=0.1390 


[Salt]=0.1950—0.0007=0.1943 


pH- pK, log, Sat 
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0.194: 
=4.7447+ logio 2150 


—4.74474:0.1455 —4.8902 


15.9. HYDROLYSIS 


"When an acid reacts with a base in an aqueous solution, neutrali- 
zation takes place. This neutralization is complete only in the case 
of reaction be:ween strong acid like hydrochloric acid and strong 
‘base like sodium hydroxide and the final solution will be neutral 
i.e., one containing equal number of hydrogen ions and hydroxyl 
ions. In all other cases, the final solution will not be neutral and is 
either acidic or basic. Thus, when a weak acid like acetic acid is 
neutralized by a strong base like sodium hydroxide, the final solution 
is found to be alkaline and when a weak base like ammonium 
hydroxide is neutralized by a strong acid like hydrochloric acid, the 
final solution is found to be acidic. Similarly, if both the acid and 
base are weak, the neutralization will not be complete and the final 
‘solution will be either acidic or alkaline depending on the relative 
Strengths of the acid and base. The acidity or basicity of a final 
solution is due to the tendency of the salt formed by neutralization 
‘to react with water thereby partially reversing the process of neu- 
tralization. This partial reversal of neutralization due to the reaction 
of the salt with water is known as the hydrolysis. When the solvent is 
‘not water, the phenomenon is generally referred to as solvolysis. 


For a study of hydrolytic behaviour of various salts, four types of 
combination are considered. 

(i) Salts of strong acids and strong bases such as sodium chloride. 

(ii) Salts of weak acids and Strong bases such as sodium acetate. 

(iii) Salts of strong acids. and weak bases such as ammonium 
“chloride; and 

(iv) Salts of weak acids and weak bases such as ammonium 
acetate. 


(i) Salts of Strong acids and strong bases. Consider, for 
example, the hydrolytic behaviour of sodium chloride—a salt formed 


aqueous solution, it is ionized into sodium ions and chloride ions. 
These ions do not react with H* and OH--from water because the 


tions of hydrogen and hydroxyl ions. Therefore, salts of strong acids 
and strong bases do not undergo hydrolysis and the Solutions of such 
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(ii) Salts of weak acids and strong bases. Salts of weak acids. 
and strong bases such as sodium acetate, sodium carbonate, sodium. 
cyanide etc., undergo hydrolysis to give basic solution. Consider, 
for example, the hydrolysis of sodium acetate. In solution, it is. 
ionized to give Na* and CH3COO-. Sodium ions will not undergo 
hydrolysis because on reaction with OH", they form NaOH which: 
beinga strong electrolyte, is highly ionized to give again Na* and' 
OH-. However, the acetate ions will react with water to form 
feebly ionized acetic acid and lead to the formation of hydroxyl 
ions: 

CH;COO---H50 = CH;COOH :-OH7 

These OH - make the solution alkaline. 

Actually CH3COO- reacts with H3O* from the waterjresulting: 
in the excess of OH- over H30+. The undissociated water will fur- 
ther ionize to maintain constant value of the equilibria (Kw= 
Cu,o:Con-- This is shown as below: 

(a) H O-4- H;0 = H30++OH- 

(b) CH3COO---H30* = CH3COOH--OH- 

(feebly ionized) 

Removal of H30+ by CH3COO™, as shown in reaction (b), will 
cause the equilibrium in reaction (a) to shift more towards right to: 
yield more H30+ and OH-. CH;COO" will further react with 
H30* according to reaction (b) and thus this series of reactions will 
lead to an accumulation of OH". The solution, therefore, becomes. 
alkaline. 

Hydrolytic constant, Hydrolysis of sodium acetate is represent- 
ed by 

CH3COO- 4- Na* --H350 = CH3COOH 4-Na*4- OH- 
Nat, being common on both sides, can be cancelled and the equa- 
tion takes the form 
CH3COO-+H20 = CH;COOH 4- OH* 

In general, if BA is thesalt formed by combination of a weak 
acid HA and strong base BOH, the hydrolysis is due to the anion of 
the acid and is represented as 

: A7 4-H30 = HA+OH- tz w(12.27) 

Applying the law of Mass Action to it and assuming activity of 

water to be constant, the equilibrium constant, Kj, is given by 
GHA.QOH 
BS racy m . +. (15.28) 

The constant Kj, known as the hydrolytic constant of the ion A7, 
determines the extent to which the ion A^ will undergo hydrolysis. 
It can easily be shown that the magnitude of K, depends on the 
ionization constant of the acid, Ka and the ionic product of water as 
follows : 


Multiplying the numerator and denominator ofthe right hand 
side of equation (15.28) by an+, we get 


430 A TEXTBOOK OF PHYSICAL CHEMISTRY 


ana ? 
Keh 4) (an+ Xaon ) ares (15:29) 
qup 2; 
But since -Z X44 |. e. (15.30) 


AHA 
the ionization constant of the acid for the equilibria 
HA=H*+A-) 


and au. og" — Ky SE (15.31) 
Therefore, equation (15.29) becomes 
_ Kw 
k=% E1532) 


‘Thus the hydrolytic constant can be determined by the ratio of 
the ionic product for water to the dissociation of the weak acid. 

Degree of hydrolysis. The extentto which the salt hydrolyses 
is known as the degree of hydrolysis and is defined as fraction of 
the total salt that undergoes hydrolysis when the equilibrium has been 
established. 

If C moles per litre is the initial concentration of the salt and / is 
dts cegree of hydrolysis, then for the equilibrium we have 


Az CBS HO. HA, + OH- 
^ Ch Ch 


C —h) 
ChCh 
Therefore, Ki= cay 


‘Since the solution is very dilute, the activity of water is taken as 
constant. 


Ch? 
Ki= gum. 25:2(15.33) 


When A is small, (1—A) in the denominator can be approximately 
Xaken equal to unity. Therefore, equation (15.33) becomes 


Ki=Ch or E <. (15.34) 
NE Kw j : 
Since Ky TK, s equation (15,34) can also be written as 
a 
Kw 
= ES (15.35 
h= xc (15.35) 


With the help of „equation (15.35), one can easily calculate the 
‘degree of hydrolysis of the salt from a knowledge of ionization 
constant of the acid and concentration of the salt. 


Problem 15.5. Calculate the degree of hydrolysis of 0.1 N solution of KCN. 


‘Dissociation constant of HCN at 25°C is 7.2x 1019, 


Solution. We have, Ki= i 
a 


7 
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Here Kw=1.0X10-" and Ka—7.2Xx10719 
A Ky 07. =1.38K10-4 
To calculate the degree of hydrolysis 
D Ki=Ci or h= p| Sh 
e h= Tea 7118x107 


Degree of hydrolysis 1.1897. 


(iii) Salts of strong acids and weak bases. Salts of strong 
acids and weak bases such as NH,Cl, CuSO4, FeCl; etc., undergo 


. hydrolysis to give acidic solution. Consider, for example, the hydro- 


lysis of ammonium chloride. In aqueous solution, it is ionized to 
give NH4* and Cl-. Chloride ions will not undergo hydrolysis 
because of the reasons already explained. However, ammonium ions 
will be hydrolysed to form feebly ionized NH4OH and there will be 
excess of H3O* in the solution as shown below: 
NH4*+2H20 = NH4OH + HjO* 
1 (unionized) 

The presence of H3O* makes the solution acidic. 

This reaction can be explained more clearly as follows : 

NH4* reacts with OH- from the water resulting in an excess of 
H30+ over OH-. The undissociated water will further ionize to 
maintain the constant value cf Ky. This is shown by the following 
two reactions: 


(a) H,O-4-H50 = H304-OH- 
(b) NH4tJ-OH- = NH4OH 
Removal of OH- by NH;* as shown in reaction (b) will cause the 
equilibrium in reaction (a) to shift more towards right to yield more 
H3O* and OH-. NHi;* will further react with OH- according to 
reaction (b) and thus this series of reactions will lead to an accu- 
mulation of H3O*. The solution, therefore, becomes acidic. 
Hydrolytic constant, Hydrolysis of ammonium chloride is re- 
presented by 
NH4t-+-2H2,0 = NH,OH-+H;0+ 
In general, the hydrolysis of salts of strong acids and weak bases 
is due to the cation of the bases and is represented as 
: Bt+2H20 = BOH--H30* +++ (15.36) 
Applying the law of mass action and assuming the activity of 
‘water to be constant, the hydrolytic constant is given by 
.. Q50H .aH30*. .. (15.37 
ku oho ++ C (15.37) 
Multiplying the numerator and denominator of the right hand 
side of equation (15.37) by cox, we get 
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[| 2508 * A 
rih F) (ano or ) ORA (18.38) 


Since, C FOENENI =K, 
BO. 


Ko is the ionization constant of the base for the equilibrium BOH= 
B*--OH* 


and dH30*.a0H7 — Kw 
Equation (15.38) becomes K= P ee (15.39) 


Thusthe hydrolytic constant of salts ofstrong acids and weak 
bases can be determined by the ratio of the ionic product of water 
to the ionization constant of the weak base. 


Degree of hydrolysis. As in salts of type (ii), an equation analo- 
Bousto equation (15.35) can be obtained. The expression in this. 
case is 


h= | £v. - - (15.40) 


Problem 15.6. Given that the dissociation constant of NH,OH at 25°C is 
1.8Xx10-5, calculate the hydrolysis constant and degree of hydrolysis of NH,Cb 
in a 0.001 M solution. What will be the H* ion concentration of the solution? 


: po Kw _ 10X1074 _ hi 
Solution. K= Cy L8x107 —3353X107 


Again, ‚h= A 


22 oe 
0.0001 
=7.45x<10-4 
Hence per cent hydrolysis =0.0745% 
Ht ion concentration=x.C 
=7.45 X10-40.0001 
=7.45 x 107? gm ion litre-1, 
(v) Salts of weak acids and weak bases. The hydrolysis of 


Salts of weak acids and weak bases such as ammonium acetate is. 
represented by 


CH3COO- + NH4* + H0 = CH3COOH + NH4OH 
(feebly ionized) (feebly ionized) 
Here, both the ions are hydrolysed to form feebly ionized acetic 
acid and ammonium hydroxide. Whether the solution of such type 
of salt in Water is acidic or basic is determined by the relative 
Strengths of the acid and base. If they are equally strong the 
solution will be neutral, 


—ÓÁ— 


Toc mia dd 
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Hydrolytic constant. The general expression for the hydrolysis. 
cf salts of weak acids and weak bases is : 
Bt+A-+H20 = BOH+HA ++ (15.41) 
For this equilibrium, the hydrolytic constant, Kj, is given by 


— ABOH-dHA ‘ 
dm .. (15.42) 


If the numerator and denominator of the right hand side of equa- 
tion (15.4?) are multiplied by au+.aon~, equation (15.42) becomes 


Kee (e (0) uto. (05.43) 
But since, vus E. 
dl i and an,*aon~=Kw, equation (15.43) 
becomes 
Ki Rae <- (15.44) 


Thus, for salts of weak acids and weak bases, the hydrolytic cons- 
tant is determined by the ionic product of water and the ionization 
constants of both the weak acids and weak bases. 


Degree of hydrolysis. If C moles per litre isthe initial concen- 
tration of the salt and h is its degree of hydrolysis, then at equili- 
brium, the various concentration terms are given as shown below: 


B+ + A- +H,0=BOH + HA +s (15:45) 
C(l—h) C(ü-h) Ch Ch 
(Sin Cbs Chats. ps, 
Therefore, Ki—cü- xcu 5j 
h2 
or KENTER rn (15.46) 
Taking 1—A=1, equation (15.40) becomes K,=h2 
K, —,| Ke. 
or h=V K, = KK . +. (15.47) 


From equation (15.47), it is evident that degree of hydrolysis of 
salts of weak acids and weak bases is independent of the concentra- 
tion of the salt taken. 

Problem 15.7. Calculate the degree of hydrolysis of ammonium acetate, the 


disscciation constant of ammonium hydroxide is 1.80X10-* and that for acetie 
acid is 1.8X 10-5; ionic product of water being 1.0% 101 


Solution. Since ammonium acetate is a salt of weak acid and weak base: 


TE 
Ki 
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— 1.010714 _ 10x 10-* 
T.8X10-XL8X1075 7 18X1.8 


For such a salt, degree of hydrolysis is given by 
AUT oe AD jg PM (ugs 
1h AT 18X18 L8 180 
or h-0.0055. 


15.10, HYDROGEN ION (ACID BASE) INDICATORS 


Indicators are used to detect the equivalene point in titration of 
‘solutions of unknown strengths with a standard solution i.e., a solu- 
tion whose strength is exactly known. In acidimetric titrations, a 
hydrogen ion (or an acid-base) indicator is used. This indicator is 
a substance, which in certain limits, changes colour as the pH of the 
Solution changes during the titration of an acid with a base. This 
offers. a simple method for determining the pH ofa solution by 
noting the colour of a suitable indicator when placed in that solu- 
tion. The pH range, i.e., the range over which the indicator changes 
colour is different for different indicators, e g., the pH range of the 
indicator phenolphthalien is 8.3—10.5. If the pH of the solution is 
8.3 or less, phenolphthalein will be colourless in the solution. But as 
the pH value rises above 8.3, phenolphthalein will develop a pink 
colour in the solution. Similarly, the pH range of indicator methyl 
orange is 3.2—4.5. If the pH value of solution is 3.2 or less, methyl 
orange will have red-colour but as the pH value of the solution 
rises above 4.5, the colour changes from red to yellow. 


Theory of Indicators 

Ostwald's theory (1891). According to Ostwald Theory, an acid- 
base indicator is a weak acid or a weak base and is partially 
dissociated in water to give hydrogen or hydroxyl ions. The degree 
of ionization can thus be altered by changing the concentration of 
these ions. Ostwald also pointed out that undissociated form of the 
indicator has a different colour from the dissociated form. 

Let HIn represent the unionized form of an indicator which isa 
weak acid. Its ionization in water is represented by 


i HIn+H20=H30+-+ In^ 

The unionized molecule, HIn differs in colour from ‘its conjugate 
“base, Inv. + 

The above equilibrium, like the equilibrium in any other weak 
acid, is governed by the Law of Mass Action. The equilibrium cons- 
tant, Kr, for the above equilibrium is given by 
_ [HsO IIo] 

rides [Hiz] 

where the constant Kr, is known as Indicator Constant and the 


... (15.48) 
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various terms in the brackets stand for the concentration of the res- 
pective species. In writing equation (15.48), activity has been 
assumed to be equal to concentration. 


Upon rearrangement equation, (15.48) becomes 


[Hin] 
+] = 
[H;0*]- Kj, I5 
[Form with acid colour] 
- [From with alkaline colour] - CIS) 


It is evident from equation (15.49) that the colour of the indicator 
at any hydrogen ion concentration of the solution depends on the 
ratio of concentrations of HIn and In- present at equilibrium. 

If the indicator solution contains an excess of hydrogen ions, the 
equilibrium. will shift from right to "left and the ionization of HIn 
will be suppressed. The solution would then contain a large excess 
of unionized HI" molecules and will exhibit the colour or the acid 
form. Upon adding OH" ions to the acidic solution containing the 
indicator, the original acid will beeventually neutralized. At this 
stage [HI] will be equal to [In] and the solution. will show the 
neutral colour ofthe indicator. Further addition of OH- ions will 
make the solution alkaline. The excess OH- ions will combine with 
'HiO* ions and reduce their concentrations. The equilibrium will 
now shift more to the right and the solution will have an excess of 
In- ions. Thus the alkaline solution will have the colour ofthe 
ionized form of the indicator. 

Consider, for example, the indicator phenolphthalein. It is sup- 
posed to be a weak acid, its dissociation is represented by 

HPh--H20:2H30* 4-Ph* 
Colourless Pink 

The undissociated form of phenolphthalein is colourless while the 
dissociated form is pink. When the solution contains an excess of 
hydrogen ions, the equilibrium will be more on the left side and the 
solution will contain an excess of HPh molecules, Thus the acidic 
solution containing phenolphthalein will be colourless. Addition of 
hydroxyl ions will cause the removal of H3O* ions and the equili- 
brium will shift towards the right. When there are excess of OHT 
ions, the solution will show pink colour due to an excess of Ph™ ions 
present. l 

Phenolphthalein can be used satisfactorily in the titrations of 
strong acids versus strong bases. But in the case of ammonia or any 
other weak base, it is not suitable. This is due to the fact that the 
weak base will not furnish sufficient OH™ ions to shift the equili- 
brium towards right side at the end point of the titration and hence 
such a situation will not develop pink colour exactly at the end of 
the titration. Moreover, near the end point of the titrations, hydro- 
lysis of the salt formed between NH4* or any other cation of the 
weak base and Ph- takes place which will prevent the formation of 
Ph ions as shown below: 


NH4++Ph-+H20=HPh+ NH,OH 
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-= 1.0x1071* _ 1.0x10-* 
“T.8X10-X1.8X10>  1.8X1.8 


For such a salt, degree of hydrolysis is given by 


xc ERO 2n d0-5. ot 
bete 4l 18X18 L8 180 


or h=0.0055. 


15.10, HYDROGEN ION (ACID BASE) INDICATORS 


Indicators are used to detect the equivalene point in titration of 
solutions of unknown strengths with a standard solution i.e., a solu- 
tion whose strength is exactly known. In acidimetric titrations, a 
hydrogen ion (or an acid-base) indicator is used. This indicator is 
a substance, which in certain limits, changes colour as the pH of the 
solution changes during the titration of an acid with a base. This 
offers a simple method for determining the pH ofa solution by 
noting the colour of a suitable indicator when placed in that solu- 
tion. The pH range, i.e., the range over which the indicator changes 
colour is different for different indicators, e g., the pH range of the 
indicator phenolphthalien is 8.3—10.5. If the pH of the solution is 
8.3 or less, phenolphthalein will be colourless in the solution. But as 
the pH value rises above 8.3, phenolphthalein will develop a fink 
colour in the solution. Similarly, the pH range of indicator methyl 
orange is 3.2—4.5. If the pH value of solution is 3.2 or less, methyl 
orange will have red-colour but as the pH value of the solution 
rises above 4.5, the colour changes from red to yellow. 


Theory of Indicators 

Ostwald's theory (1891). According to Ostwald Theory, an acid- 
base indicator is a weak acid or a weak base and is partially 
dissociated in water to give hydrogen or hydroxyl ions. The degree 
of ionization can thus be altered by changing the concentration of 
these ions. Ostwald also pointed out that undissociated form of the 
indicator has a different colour from the dissociated form. 

Let HIn represent the unionized form of an indicator which isa 
weak acid. Its ionization in water is represented by 


HIn+H20=H30+ + In- 
The unionized molecule, HIz differs in colour from ‘its conjugate 
“base, Inv. - 

The above equilibrium, like the equilibrium in any other weak 
acid, is governed by the Law of Mass Action. The equilibrium cons- 
tant, Kr, for the above equilibrium is given by 

_ [H30* Ig] 
[Hin] 
where the constant Ky, is known as Indicator Constant and the 


Kia -. - (15.48) 
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various terms in the brackets stand for the concentration of the res- 
pective species. In writing equation (15.48), activity has been 
assumed to be equal to concentration. 


Upon rearrangement equation, (15.48) becomes 


[HI] 
H30*]- K 
[H30*]— Kr, [In-] 
[Form with acid colour] 
[From with alkaline colour] ig EKR) 
It is evident from equation (15.49) that the colour of the indicator 
at any hydrogen ion concentration of the solution depends on the 
ratio of concentrations of HIn and In- present at equilibrium, 

If the indicator solution contains an excess of hydrogen ions, the 
equilibrium will shift from right to ‘left and the ionization of HIn 
will be suppressed. The solution would then contain a. large excess 
of unionized HIn molecules and will exhibit the colour or the acid 
form. Upon adding OH- ions to the acidic solution containing the 
indicator, the original acid will beeventually neutralized. At this 
stage [HIn] will be equal to [In"] and the solution. will show the 
neutral colour ofthe indicator. Further addition of OH” ions will 
make the solution alkaline. The excess OH- ions will combine with 
HOt ions and reduce their concentrations. The equilibrium will 
now shift more to the right and the solution will have an excess of 
In- ions. Thus the alkaline solution will have the colour of the 
jonized form of the indicator. ; 

Consider, for example, the indicator phenolphthalein. It is sup- 
posed to be a weak acid, its dissociation is represented by 

HPh--H20:2H30* 4-Ph* 
Colourless Pink 

The undissociated form of phenolphthalein is colourless while the 
dissociated form is pink. When the solution contains an excess of 
hydrogen ions, the equilibrium will be more on the left side and the 
solution will contain an excess of HPh molecules, Thus the acidic 
solution containing phenolphthalein will be colourless. Addition of 
hydroxyl ions will cause the removal of H30* ions and the equili- 
brium will shift towards the right. When there are excess of OHT 
ions, the solution will show pink colour due to an excess of Ph* ions 
present. 1 

Phenolphthalein can be used satisfactorily in the titrations of 
strong acids versus strong bases. But in the case of ammonia or any 
other weak base, it is not suitable. This is due to the fact that the 
weak base will not furnish sufficient OH- ions to shift the equili- 
brium towards right side at the end point of the titration and hence 
such a situation will not develop pink colour exactly at the end of 
the titration. Moreover, near the end point of the titrations, hydro- 
lysis of the salt formed between NH4* or any other cation of the 
weak base and Ph" takes place which will prevent the formation of 
Ph ions as shown below: 


NH,*++Ph-+H20=HPh+ NH4OH 
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Thus the pink colour is developed only when an excess of NH4OH. 
or any other weak base has been added. 

Similarly, methyl orange which is supposed to be a weak base is 
not suitable in the titration of a weak acid against a Strong base. Its 
ionization is represented by the equilibrium. 


MeOH=Me+-+OH- 
Yellow Red 

If the solution is acidic, the equilibrium will be more on the right 
Side and the solution will show red colour due to an excess of Me* 
ion. On the other hand, if the solution is alkaline, the equilibrium 
will shift towards the left side and the solution will be yellow in 
colour due to an excess of undissociated form of the indicator. 

Usefal ranges of the indicator. Taking negative logarithms. 
throughout, equation (15.49) gives: 

m [In] 
pH=pKy, +log Hin] .. . (15,50). 

The factor pK1,— —log KI, is known as indicator exponent. It 
is apparant from equation (15.50) that the ratio [In-]/HIz], which 
determines the colour of the solution, can be determined by the pH 
of the solution. The two forms of the indicator can be easily detected 
through naked eyes only under extreme cases, i.e., either [HI] 
[Ir] or [Dr] S[HIn]. In between these two extreme cases, the 
Solution will show varying shades of colour intermediate between 
the acid form and the basic form which cannot be easily realised 
through naked eyes. In other words, the indicator does not change 
its'colour sharply at a definite pH but changes gradually over a 
range of pH. Asa rough rule, it is assumed that gradations of 
colour are detectable when the ratio [HIn/In] is between 0.1 and 
10. When the ratio is 0.1 or less, the solution will be alkaline and. 
has the colour of In. Likewise, if the ratio is 10 or greater, the 
solution is acidic and has the colour of HIn. Using the two extremes. 
or the ratio [HIn]/{In7], it follows from equation (15.50) that the 
minimum pH at which the colour of the indicator is perceptible is. 
given by 


pH=pK,, +log + —pKr, E 


which means that if pH is less than PKy, by unity, the indicator 
shows acidic colour and the maximum pH by 


PH=pKy, -Hog- P — pk, +1 


which means that if pH is greater than PK;, by unity, the indicator 
shows alkaline colour. 


The indicator is changing colour in between these two extremes. 
Thus the useful range of any indicator is restricted to pH—pK;, +1. 


For a particular titration, that indicator is chosén which has. 
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pK, zcpH at the end point because this indicator will exhibit colour 
change close to the end point. 

A list of some common indicators and their. colours together with 
their exponent values and pH ranges in which the colours show 
effective changes, is given in Table 15.5. 


TABLE 15.5 
Colours 
Indicator pK, Tn pH range 
Acid Alkaline 

‘Thymol blue Red Yellow 1.51 1.2--2.8 
Methyl Orange Red Yellow 3.7 3.2—4.5 
Bromophenol Blue Yellow Blue 3.98 3.0—4.6 
Methyl Red Red Yellow 5.1 4.2—6.3 
‘Chlorophenol Red Yellow Red 5.98 4.8- 64 
Bromocresol Purple Yellow Purple 6.3 5.2—6.8 
Phenol Red Yellow Red 7.9 6.8—8.4 
Cresol Red Yellow Red 8.3 7.2—8.8 
Phenolphthalein Colourless Red 9.4 8.3-10.0 
Thymolphthalein Colourless Blue 9.4 9.2—10.6 


In addition to these individual indicators, sometimes a mixture of 
four or five more indicators, known as Universal Indicators, are used 
to cover pH range from 4 to 11. An important example of this type 
of Universal Indicator is a mixture of methyl red, «-naphtholphtha- 
lein, thymolphthalein, phenolphthalein and bromothymol blue. This 
covers pH range from 4 to II and gives a definite colour at different 
pH values as shown below: 


pH 4 ` 5 5 7 8 9 10 11 
Colour Red ` Orange- Yellow Green- Green Blue- Blue- Red- 
Red Yellow Green Violet Violet 


Calcultaion of pH of solutions by indicators. This can be 
yery conveniently done by using Equation (15.50). The pH of the 
solution is first determined approximately by the use of Universal 
Indicator. This gives a clue for choosing the best indictor. This 
indicator is then added to a certain volume of the solution to be 
tested and the colour produced is compared with a series of solutions 
of known pH containing the same amount of the indicator. Thus 
by matching the colours, the pH of the solution can be determined 
within the accuracy of the experiment. 


Problem 15.8. The dissociation constant of Bromocresol purple indicator is 
3.98L:x 10-7 at 20°C. The indicator when added toa buffer solution gave colour 
whith matched with 60 per cent basic colour and 8.8 per cent acidic colour. Find 
the pH of the buffer solution. 

Solution. 

H=pK,, 415g Un 1 
pH-pRi, 1198 [Hin] 
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Basic colour 
In Acidic colour 


Here,  pKyp =—log Kjp=—log 3.981 X10-7=6.40 


Basic Colour=60 per cent, Acidic Colour— 8.8 per cent, 
d 60 
pH=6.40+l08 -55 

=6.40+ 1.8336— 8.2336. 


The use of indicators in titration of acids and bases In 
acid-base titrations, use is made of the fact that the pH of a solu- 
tion beingtitrated changes rapidly at the equivalence point. Thus 
When a curve between the pH of a solution and the volume of each 
addition of titrant is plotted, there will be greatest slope at the 
equivalence point. As discussed in the above section, the choice of 
an indicator is determined by the pH of the solution at the equiva- 
lence point i.e., the indicator for which pHzpKg, . 


Type 1. Titration of strong acids and strong bases. In the 
titration of strong acids, and strong bases, such as HCI ys. NaOH, 
the pH at the point of exact equivalence is 7. Before the equivalence 
point, the pH of the solution is below 4. The addition of alkali from 
the burette will merely decrease the concentration of the acid and 
the curve will show a small pH rise. At the equivalence point, the 
curve becomes almost vertical due to a large change in pH | i.e., 
from 4to 10. This large change in pH, which is from 4 to 10, is 
brought about by the existence of as Small as 0.1 ml of the alkali in 
excess, 


In such titrations, an indicator which changes colour in the pH 
range 4 to 10 is suitable. As can be seen from the table given 
above, methyl orange or phenol- 
phthalein is the most suitable 
indicator in the titration of strong 
acids and strong bases. Generally 
phenolphthalein is preferred be- 
Cause in this case, the colour 
change is most conveniently 
detected, 


Type 2. Titration of weak 
acids and strong bases. In 
the titration of a weak acid 
such as acetic acid by a strong 
base such as sodium hydroxide, 
the inflection of the curve js not 
so sharp as in type 1. This is due 
E to the hydrolysis of the salt 

ml. NaOH —> ` (sodium acetate) formed. by the 
neutralization of acetic acid by 

Fig. 15.1, Titration curve for strong — Sodium hydroxide at the equiva- 
acid HC] vs strong base NaOH. lence point. At this point, the salt 
hydrolyses to give an alkaline 


or —pK, +log 


Ta = 


Bo] 
T 
f —— 
— NU i&0c0-1000-— 


Equivalence 
point 
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solution and the pH value of the solution is nearly found to be 9 
After tlie equivalence point, the hydrolysis of acetate ion becomes 
very smalland the pH is determined only by sodium hydroxide 
added. Thusthe slope near the equivalence point is much less 
steep i'e., the pH changes less rapidly for a given amount of the 
base added than it does for the first type of curve. 


In such titrations, an indicator which changes colour in the pH 
range 8-10 is most suitable. Thus, for such titrations, phenolph- 
thalein is found to be the 14 
most suitable indicator. - 13 


Type 3. Titration of 12 
strong acids and weak 
bases. Again in the titra- 
tion of strong acids such as 10 
HCl ard weak bases such { 
as NH4OH, the inflection 
of the curve is not sharp 
due to the hydrolysis of the 
salt. Since the acid is 
strong, the equivalence 
point will be on the acid 
side. In such titrations, an 
indicator which changes 
colour in the pH range 3 to 
5 is most suitable. For this ^w 
range, methyl orange is ml. NaOH, —> 
ound to be the most ; 2 à 

: indi . 15.2. Titration curve for weak acid, 
suitable indicator. CO COOH) M Aon base (NaOH). ; 

Type 4. Titration of 
weak acids and weak bases. In the titration of weak acics such ` 
as acetic acid and weak bases such as NH4OH, the pH range at the 
equivalence point is 6,5 to 7.5 and the curve shows little inflection. 
For such titrations, there is no suitable indicator although phenol 
red can be occasionally used. Hence in the titration of weak acids 
and weak bases, end point cannot be determined with accuracy and 
such types of titrations are generally avoided. ‘ 


9 
= 


- M O B Ob O M o (0 


Equivalence point 


1511. COMPLEX ION EQUILIBRIA (INSTABILITY CONS- 
TANT) í 


A complex ion may he defined as an ion composed of several parts, 
each of which has some independent existence in solution as an 
ion, molecule or atom, SO4^- cannot be counted as a complex ion, 
because S6* and O2-, or other such pairs, do not exist in aqueous 
solution. In general terms, a complex ion consists of a substance 
(which may be uncharged molecules or negative ions), called a 
ligand and a metal ion M (usually a transition metal). The formula 
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of the complex ion is MZn, where n is generally 2, 4 or 6. Some 
examples of complex ions are Ag(NH3)2+, Ag(CN)2-, Ag(S203)23-, 
Cu(NH3)4?+, Fe(CN)e4^, Fe(OH)?+, and Zn(OH),2-. 
The complex ion behaves as a weak electrolyte and dissociates to 
a small degree according to the equilibrium reaction: 
Ag(NH3)2+ = Agt + 2NH; 
_. The equilibrium constant for this reaction is the dissociation or 
ionization constant for the complex ion and is frequently referred to 
as the instability constant King of the complex ion, 
i [Ag*][NHsP.- 
[Ag(NH3);*] 
Another equilibrium constant frequently used for complex ions is 
the stability constant K, defined by 
| [AB(NH3z] 
=> PATHS m 215/52 
K= Rm 7 [Ag ]INHSE a 
which is defined for the reaction 
Agt + 2NH3 = Ag(NH3),* 


and, therefore. is an association constant A list of instability cons- 
tants for several complex ions is given below in Table 15.6. 


Kins= +.» (15,51) 


TABLE 156 

Instability constants for several complex ions at 25°C 
Complex ion equilibrium Kins 
[Cd((CN)P- Cd?+4+4CN1- 7.8X 10-15 
ÍCd(NH;Mj* — «e Cd*--4NH, 1.9X 10-7 
[Ag(NH3).]* e Agt+2NH, 6.3X 10-8 
TAg(CNX]- — e Agt+2CN?- 1.0x 107:^ 
[Hg L,]*- = He++411- 5.3 10-31 
[Hg(CN,]*- = Hg**+4CN— 3.0 10-8 


In actual practice, the dissociation of a complex ion, like. the 


ionization of a polybasic acid, occurs in Steps as shown below: 


Ist step, Ag(NH3);* = Ag(NH3)*-+NH3 
: Ki [Ag(NH3)*[NH;] 
[Ag(NH3);*] i 
2nd step. Ag(NH3)* = Ag*--NH; e 
— [Agt][NH3] 


T [Ag(NH3)*] 
The constant calculated above is Kins=K1.K>. In order to solve 


problems involving complex ions, one must know the equilibrium 
constants for the different ionization Steps. 
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Problem. 15.9. Calculate the degree of dissociation of  Ag(NHsy* if 
IAg(NH;);*] is 0.10 M and Kins=6.3% 10-5. 
Solution. The reaction involved is 
Ag(NH,),+ e Ag*--2NH, 
Ku [Ag*]INH;] 
-OUR C [AgNHsh*] 
It is evident from the reaction that 
: [Agt]=3 [NH;] or 2 [Ag*] [NH] 
Also, [Ag(NH34*] -0.10— [Ag*] 
Since the complex ion dissociates to a small extent, as is evident 
from the small value of the instability constant, then we can use the 
approximation that [Ag(NH3)2*]=0.10—[Ag*]=0.10 


[ANEP — Ag"IGIAED" 610-8 


Therefore. Kins 


[Ag(NH3)2*] ~ 
Or [Agt]=1.2x 10-3 M 
The degree of dissociation is 
[Ag] 12x10? . Si 
[Ag ( NHoye sah oeqOADanios Fane’ 


1512. THE SOLUBILITY PRODUCT 


"When a sparingly soluble salt, such as silver chloride is put into 
water and vigorously shaken, it is found that after some time a little 
of the salt dissolves in water to give a saturated solution. The 
equilibrium between the sparingly soluble solid ionic salt such as 
silver chloride and its ions in the solution is represented as 
AgCI = AgCl = Ag+ + Cl- 
(Solid) (in solution) 
Applying the law of Mass Action, the equilibrium constant is 
given by 
_ (Aster : 
K= [AgCi] on os ) 
But, since the unionised silver chloride is in contact with the solid 
silver chloride whose active mass is indeed constant, the concentra- 
tion (more correctly activity) of unionised silver chloride can be 
taken constant. Therefore, equation (15.53) reduces to 
K;5—[Ag*]Cl] : . 2. (15:54) 
The constant Ksp is referred to as the solubility product constant 
or simply the solubility product of silver chloride. In general, for any 
sparingly soluble electrolyte represented by AB, in contact with its 
saturated solution, the equilibria is represented by 
AB = AB = At +B" 
(Solid) (in solution) 
and the general expression for the solubility preduct is 
K,—[4*][8] 
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This expression is the basis of the solubility product principle 
which states that in any solution saturated with sparingly soluble ionic 
salt, the product of the concentrations (more correctly activities) of 
its ions is a constant equal to solubility product. 


In case, the salt yields more than two ions, then the solubility 
"product is given by the product of the concentrations of ions raised. 
to a power equal to the number of ions produced by one molecule. 
Thus, for the. salt, AxBy, the equilibrium is represented by 


AxBy = AxBy = xAt + yB- 
(Solid) (Solution) k 
and the expression for the solubility product is 
Ksp=[A*}* [B] 
' Solubility and solubility product must not be. confused with each 
other. The solubility of a salt is the quantity present ina unit 
amount of a saturated solution, expressed in moles per litre, grams. 
per 100 ml, or other units. The solubility depends on what else is in 
the solution. On the other hand, solubility product, being an equili- 
brium constant, depends on the temperature and the nature of the 
salt. There isa connection, of course, between the solubility and 
the solubility product; if one is known, the other can be calculated. 
It should be noted further that the solubility product principle is 
valid only for sparingly soluble salts. Again, since the ionic product 
is equal to the solubility product only when the solution is saturated, 
this can be used to decide whether the precipitation is possible or 
not. If the product of concentrations of ions is smaller than the 
- solubility product, the solution is unsaturated and no precipitation 
is possible. On the other hand, if the ionic product is larger than 
. the solubility product, the solution is supersaturated and precipita- 
- tion is possible. 

Thus in the gravimetric estimation of Ba?*, it is precipitated as 
BaSOy4 as its solubility product is very small. On the other hand, 
Ca?* cannot be estimated by precipitating it as CaSO4 because the 
solubility product-of CaSO is comparatively high. In general, lower 
is the Ksp, more insoluble is the salt. 


Problem 15.10. The solubility product of BaCrO, is 2.0X10^* at 25°C. 
‘Calculate the molarity of the BaCrO, solution. 


Solution. BaCrO,, being a sparingly soluble salt, dissociates as 
BaCrO, = Ba** + CrO,- 
Ksp— [Ba**][CrO,?2] 
Let x g mole be the solubility of BaCrO, per litre. Then, 
[Ba**]—- [CrO,**] —x g ion/litre 
2.0: 10:00 — y 

or i x= V20X10-=1.415x10- g mol/litre 

Hence the molarity of this solution is 1.41510-* g mol/litre 
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PROBLEMS 


1. What is meant by the dissociation constant of an acid? How can you. 
measure the same for acetic acid? Can the same treatment be applied to HCI? 


2. (a) Trace the development of Arrhenius theory of electrolytic dissociation. 
Point out its limitations. 

(b) (i) Would an aquedus solution of HS be considered acidic according to. 
the Arrhenius theory? Why? © M 

(ii) Would gaseous HCI be considered an Arrhenius acid? Why? 

(iii) Ammonia gas also dissolves in diethyl ether; would an ether solution of 
ammonia be considered basic in Arrhenius sense? Why? 


3. State and explain Ostwald's dilution law. What are its limitations? 


(a) What concentration of acetic acid is needed to give a [H+] of 3.5x10-* 
mole litre-!. Ka=1.81075. Ans. 7.1X 107? mol/1 


4. Strong acids dissociate nearly completely in aqueous solutions and the 
equilibrium constant is very large. Weak acids on the other hand only. partially 
dissociate in water. Which acid, hydrogen fluoride or hydrogen cyanide, is the 
weaker acid? Given that KHCN-4-0X10-?. mol/litre and Kgp —6.9X10-* 
mole/litre. 


5. What is the modern concept of an acid and a base? Explain with examples. 
(b) Classify the following lewis acids and lewis bases: ý 
SO,, NHs, I^, Cr?*, ether. 


6. Acetic acid dissociates according to the equation: 
CH;COOH # H*-- CH,COO- 


a solution of acetic acid with initial concentration of 0.1 mol/litre was found to 
be 1 per cent dissociated. What is the equilibrium constant? 5 
Ans. Keg=1X 1075 mol/litre 


7. (a) Exp ain the term ‘ionization constant’ of water. How can you deter- 
mine it experimentally? 


(b) The degree of hydrolysis of potassium cyanide in N/100 solution. was. 
found to be 2.77x10-?. If the dissociation constant of hydrocyanic acid is 
1.3X10 5, calculate the ionic product of water. Ans. 0,997 10-14 


8. What do you understand by the pH ofa solution? What are buffer solu- 
tions? Calculate the pH ofa solution containing 2g of NaOH per litre of 
water. Ans. 12.7 


9. What is meant by the term ‘Degree of Hydrolysis’ and ‘Hydrolysis cons- 

tant’? Deduce, in the case of a salt of a strong acid »nd a weak base, the- 

- relation between the hydrolysis constant and the dissociation constant of the 

base. How would you determine the degree of hydrolysis of aniline hydrochloride 
solution? 


10. The acid ionization (hydrolysis) constant cf Zn'* is 2.2X10- (a) Cal- 
culate the pH cf a 0.C0010 F solution of ZnCl,. (b) What is the basic dissocia- 
tion constant of Zn(Q@H*)? Ans. (a) +6.3 (b) 4.5X1075 


11. Calculate the degree of hydrolysis and hydrolysis constant of a decinor- 
mal solution of NaCN, taking gie UD CO of water to be 1X10-1* 
dissociation constant for HCN at is 7.2X10- 1^, 
S3 Ans. 1.79107? ; 1.36 107** 


12. A solution.of a weak acid such as HAc and a salt of the acid (NaAc) is 
called a buffer. Such solutions tend to resist the change in [H*]. A buffer is 
made from HAc (K—1.9X10-? mole/litre) and NaAc. What must be the ratio, 
[Ac-]/[HA.] in order that [H+] be equal to 4.0 107* M? Ans. 0-43: 
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13. A buffer solution of pH 8.50 is desired (a) starting with 0.01 g formula 
weight of KCN and the usual inorganic reagents of the laboratory. how would 
you prepare one litre of the buffer solution? Ka for HCN is 4.1 1071. 


(b) How much would the pH change after the addition of 5X107" mole 
NaOH to 100 ml of the buffer. Ans. Dissolve 0.01 gfw. KCN and 0.0087 mol 
HCN in one litre water (5) 0.19 units. 


14. Define an acid-base indicator. What is the mechanism of their action? 


What is meant by the useful range of an indicator? Show with a rough graphical 
dese how to choose an indicator for the titration of a weak acid with a strong 
ase. 


15. What do you understand by the term ‘Solubility Product’? Discuss its 
applications in the separation of copper, zinc and magnesium from the mixture 
of their salts. 


16. The solubility of Ag,CrO, in water is 0:024 g/litre, Determine its solu- 
‘bility product. 


17. How much NH, must be added to a 0.004 `! Ag+ solution to prevent the 
precipitation of AgCI when [CI-] reaches 0.001 M? Ksp for AgCI is 1.8X1071^ 
and K for Ag(NHs)s* is 5.9 X 107°. Ans. 0.044 mol/litre 


18. A solution is 0.010 M in cuprous ion (Cu*) and 0.0010 M in lead ion 
(Pb**). Chloride ion is slowly added: 


Will PbCl, (Ks5—1.6x 1075 mol?/1*) 
"or CuCl (K55—3.2X 107? mole/I?) 
«precipitate first? Show why. 
Ans. CuCl would precipitate first as [C17] of 3.2x10-*M 
is reached before [CI-] of 1.3x 10M 
19. What indicators will be suitable for the following titrations: 
(a) HCl vs NaOH (b) Ba(OH)2 vs H,SO, 
(c) H3BO, vs NaOH (d) HCOOH vs NaOH 
(e) HsPO, vs Ba(OH), : 
20. Write short notes on the following: 
(a) Common ion effect (6) Buffer solution 
(c) Levelling effect (d) Lewis concept of acids and bases 
21. How would you explain the following: 
(a) When NaCN is added to water, the resulting solution is basic. 
(b) HS is a weak acid, yet it precipitates CuS from a solution of CuSO,. 
(c) nl gives precipitate with NH4OH but not with NH,OH and 


(d) HPO, is a mono-basic acid and HPO, is a tribasic acid. 
(e) NaHCO, is alkaline to litmus but neutral to phenolphthalein. 


Chapter 16 


ELECTRO-CHEMICAL CELLS 


16.1. INTRODUCTION 


Take a commercial dry cell and connect its two terminals to a small 
motor. The motor starts functioning. This is due to the flow of 
electrons through the motor from the negative to the positive termi- 
nal of the cell. This electric current which causes the motor to work 
is due to chemical reaction occurring inside the cell. Thus, a device 
which produces electrical work at the expense of some physico- 
chemical process going on inside it, is called a electro-chemical or a 
galvanic cell and the chemical reaction occurring inside the cell is 
called the cell reaction. Electrochemical cells may be used to per- 
form two functions (i) to convert chemical energy into electrical 
energy, and (ii) to convert electrical energy into chemical. In the 
dry cell considered above and the lead storage battery chemical 
energy is converted into electrical energy, while in the charging of a 
storage battery, chemical energy is converted into electrical. A cell is 
a single arrangement of two electrodes and an electrolyte capable of 
yielding electricity due to chemical action within the cell, or of 
producing chemical action due to passage of electricity through the 
cell. A battery, on the other hand, is a combination of two or more 
cells arranged in series or parallel. Thus, the ordinary 6-volt lead 
storage battery isa combination of three 2-volt cells connected in 
series. 


The potential difference which exists between the two electrodes 
ofa cell with open circuit is called electromotive force, or EMF of 
the cell and is expressed in volts. To illustrate this, take a Daniell - 
cell (Fig. 16.1) which consists oftwo electrodes, one zinc and the 
other of copper, dipped into ZnSO, and CuSO4 solutions respec- 
tively. The two solutions are separated by a porous partition. The 
zinc sulphate solution contains Zn?* ions and so when metallic zinc 
is placed in contact with it, a definite equilibrium is set up between 
the metal and the ions of zinc, as 

Zn?++2e = Zn ESET) 
where e represents electron. The conductivity is due to these elec- 
trons present in the solid. Similarly, a definite electron pressure is 
created atthe interface between the copper and CuSO, solution, 
owing to the establishment of the equilibrium 


Cut++2e = Cu + (16.2) 


446 : A TEXTBOOK OF PHYSICAL CHEMISTRY 


On connecting these electrodes externally with a piece of wire, a 
steady steam of electrons flows through this conductor from zinc 
‘to copper. The direction of flow of electrons isso due to higher 
electron pressure of zinc than that of copper electrode. This flow 
-of electrons causes more ionization in zinc and more copper is 
deposited, with the net effect that a chemical reaction has taken 
place by the passage of current. This is represented as follows : 


Cu*t-4-Zn = Cu-+Znt+ 7. 2(16:3) 


The zinc electrode is stamped with a minus sign and the copper 
electrode with a plus sign. 


The above cell (Daniell) can be represented diagramatically as in 
Fig. 16.2. 


Zn | Zn** || Cu** | Cu 


EL > 


Positive Current 


Trig. 15.1. A typical electro- Fig. 16.2. Diagrammatic represen- 
-chemical cell. - tation of a cell. 


16.2. MEASUREMENT OF E.M.F. USING POTENTIOMETER 


The cell E. M.F. can be. measured with the help of a potentiometer. 
"This involves the balancing of the E.M.F. of an electro-chemical cell 
-against an equal and opposite-potential difference in the slide wire 
:of a potentiometer. The schematic diagram is shown in Fig. 16.3. 

It consists of a storage battery B',the constant E.M.F. of the 
‘storage battery must be larger than that of the cell under measure- 
ment. This sends a current is through the slide wire AB. The cell 
‘to be studied is also connected to A having the -+ve pole in the same 
direction as the strorage battery B’ and sends current inthe same 
direction. The sliding contact D can be adjusted until the galvano- 
meter G shows zero deflection. This is called the null point. At 
this point the E.M.F. of the cell is balanced by the potential 
difference between the point 4 and D of the potentiometer wire. 
"This slide wire is calibrated in terms of the fall of potential so that 
‘one can read potential drop across the wire directly. The fall of 
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poenae between A and D is equal to the E.M.F. of the unknown 
cell. 


il d 


B+ 


Cell 


Fig. 16.3. Measurement of E.M.F. of a cell, 


Thus one can easily find the E.M.F. of an unknown cell, provided 
tthe E.M.F. of the storage battery is more than that of the cell under 
‘test. 

(If E, is the E.M.F. of a cell with transference number t and Æ is 
the E.M.F. of the same cell, i.e., with the same end electrodes and 
with the same solutions, without transference, we have the relation 

Bow 


E 


d.e., the transference number of the anion is determined by the ratio 
ofthe E.M.F.s of the two concentration cells one with transference 
and the other without transference.) 


In studying cells it is necessary to determine not only the e.m.f. 
ofthe cell but also the reaction responsible for it. The nature of 
the reaction proceeding in a cell can be deduced from the manner 
in which the electrodes must be connected to the standard cell in 
order to obtain a balance of the potentiometer. Such a balance is 
possible when the electrode connected to the negative side of the 
cell is the negative electrode, while the one connected to the positive 
side is the positive electrode. Further since a negative electrode 
contains electrons in excess of the number present on the positive 
electrode, the electrons will flow from the negative to the positive 


‘electrode in the external circuit. Hence oxidation must occur at the 


negative electrode where electrons are given off and reduction must 
take place at the positive electrode. 
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16.3. SIGN CONVENTIONS 


The sign convention in an electromotive cell can well be under- 
stood from the following rules : 


(i) A cell reaction is the sum of the single electrode reactions as 
they occur in the cell. The electrode at which oxidation reaction 
occurs is negative electrode. The electrode at which reduction 
reaction occurs is the positive electrode. 


(ii) The total emf of the cell' is the algebraic sum of the single 
electrode potentials provided each emf is affixed with the sign 
corresponding to the reaction as it actually takes place at the 
electrode. 


(iii) If any cellis written down with the negative electrode on 
the left, so that electrons flow through the external circuit from left 
to right, the cell reaction deduced by rule (i) will be the spontaneous 
process and the emf deduced by rule (ii) for the cell will be positive. 


(v) If the wrong assumption be made with respect to the polarity 
of the electrodes, rule (iii) will give a negative emf corresponding to 
the non-spontaneous reaction. To obtain the spontaneous reaction 
and its emf, all that need be done is to be reverse the reaction and 
change the sign of the emf without changing its magnitude. 


Let us summarise the conventions about cells in the form of rules. 


(i) Solid lines or semicolon represent interfaces between solutions 
and solid electrodes. : 


(ii) Vertical broken lines represent salt bridge, porous partition, or 
other junction between two half-cells. 


(iii) The sign given to the emf indicates the polarity of the right 
hand electrode. 


(iv) The least oxidised species in each half are written next to the 
solid electrode. For example, H+. MnO4^ Mn?+/Pt and Pt/Fe?*, Fe3+~ 


(v) The sicn of a given standard electrode potential is that assigned 
tothe cell formed by the standard electrode and the standard 
hydrogen electrode when the latter is written to on. the left hand 
Side of the cell diagram. 


. The following examples will help in better understanding of these 
values and the way in which a cell reaction is associated with a 
given cell. . : 


(i) 4;4* || B*;B 
E-—Ea;4t--En*;g 

Oxidation A=At+e 

Reduction Bt++e=B 


Cell reaction A+BtHAt+B 


Y 
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(ii) B;B* || At;A 
E— Egg! - E4t;4 
Oxidation BHBt+e 
Reduction At+e=A 
Cell reaction B+At=Bt+-A 
(iii) A; A* || C ;C 
E-EaAt ECC 
Oxidation A=At+e 
Reduction C+e=C~ 


Cell reaction A+CeAt+C— 


16.4. REVERSIBLE ELECTRODE PROCESSES 


\ 


The concept of reversibility as it applies to the processes which take 
place at the electrodes ofa cell must now be discussed in more 
detail. During the working of a cell, there are normally chemical 
changes taking place at each electrode and associated with this is the 
gain of electrons at the cathode and the loss of electrons at the: 
anode. In order to be reversible, the electrode materials must only 
take part in chemical .changes which correlate exactly with the 
electrical changes. No energy or material must be transformed in 
any other way and a very small increase in the potential difference 
in the external circuit opposing that of the cell must exactly reverse 
the chemical changes. It will be recalled that the conditions for 
thermodynamic reversibility are (i) that the driving and opposing 
forces be only infinitesimally different from each other, and (ii) that 


` it should be possible to reverse any change taking place by applying 


a force infinitesimally greater than the one. acting. When these re- 
quirements are satisfied by a cell, the cell is reversible, and its. 
potential difference measured under appropriate conditions may be 
substituted into the relevant thermodynamic relations. When these 
conditions are not satisfied, the cell is said to be irreversible and the: 


thermodynamic equations do not apply. 
16.5. NERNST EQUATION 


Nernt equation correlates the cell E.M.F. to a standard value ES 
and the activities of the species taking part in tke cell reaction. This 
can be discussed in the following steps: 
For an electro-chemical cell, the reaction free energy (AG) can be 
given by a relation: 
AG=—nEF » +. (16.4) 


where n is number of equivalents and F is a quantity of electricity,. 
known as the Faraday constant. E is the E.M.F. of the cell. 
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Also, the free energy for any chemical reation can be expressed as 
AG=AG°+RT InQ . «+ (16.5) 
Here Q is the quotient of activities. In this case 
Q— [Reduced State] 
—. [Oxidised State] 
Now from (16.4) and (16.5) we have 
—nFE=—nFE°+RT InQ 
C. AG°=—nFE*, E? being the standard 
E.M.F. of the cell) 
Dividing both sides of this equation by nF we get 


. =- (16,6) 


—E=—E°+—— nO 
RT 
po RT 2. (16. 
or E=E°— > InQ (16.7) 


Substituting for Q from (16.6) in (16.7) we get, 


RT [Reduced State] 

= | fuii en ——— 

Bre ue" (Oxidised State] 

[Oxidised State] 

[Reduced State] 

The equation (15.8) is known as the Nernst equation, and can be 

written in a number of forms as follows: 

. roa RT , [Oxidised State] 
du nF i [Reduced State] 

age ae evil [Oxidised State] 

EE enl s CEO TRedaced State] 


or E-EM RT. In ... (16.8) 


... (16.8a) 


+.» (16.85) 

For all practical purposes, R is 8.313 joules and F is 96,500 
coulombs; at 25°C, T=298K. Inserting the value of these constants 
in (16.85), we get 


E=E°+ 0.05915 [Oxidised State] 


A lot Reduced State] ..- (16.8c) 
For an electrode of metal M, which shows an equilibrium given 
below: 


E=M"*+-+ne2M 
The above equation becomes 


Ec 99915 jog qs 
and for anion electrode like 


; Cl-+e=Ci- 
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The Nernst equation will take the form 
5 1 
E=E°+0.05915 log [e 


Electrode potentials vary with concentration and may even 
changesign. Thus we have two choices for calculations of cell 
potential. 


(a) Calculate both single electrode potentials separately by appli- 
cation of the Nernst equation. Then designate the larger E value 
as that for the internal cathode, or 


j (b) Arbitrarily write the balanced net equation for the cell reac- 
tion as it would proceed spontaneously under standard state condi- 
tions. Calculate Ej from the Nernst equation. If the calculated 
value of Ej is negative, then the actual spontaneous reaction 


must be represented by the reverse of the equation originally 
written, 


The standard electrode potentials of some important systems are 
given in Table 16.1. 


The potential of an electrode may be expressed either as 
the oxidation potential (which measures the tendency of a half- 
reaction to occur, in the direction corresponding to oxidation) or 
reduction potential (representing the opposite tendency). The more 
positive the potential, the more the electrode tends to behave as an 
anode; the more negative the potential, the more it tends to be a. ca- 
thode. 'The most positive potentials belong to the half-reactions in 
which the best reducing agentsare oxidized, and their oxidized forms 
are the poorest oxidizing agents. For example, the potential +3.04 
volts indicates that lithium is a very good reducing agent, because 
if is easily oxidised to Li* whereas it is very difficult to reduce Li* to 
Li, so that Li* is a poor oxidizing agent. Sodium, with an oxidation 
potential of +2.71 volts, is also a good reducing agent, but not 
quite so good as Li. At the other extreme, the potential for the half- 
reaction 2F-~-=F)+2e~ is —2.85 volts, which signifies that F- is a 
very poor reducing agent, being oxidized to Fz only with great 
difficulty; conversely, Fz is the best of all oxidizing agents. 


The results obtained for the standard electrode potentials of a 
number of electrodes at 25°C are given. 
Problem 16.1. Calculate the equilibrium constant at 25°C for the reaction 
Zn(s)--Cut* (1 m) œ Cu(s)--Zn** (1 m) 
E? for this cell is 1.10V 


Solution, AG^— —nFE?^— —2.303 RT log K - 
HE. 
Then log K= 30i RT 
e  . 2x9645Xx1.10 
-2.303X8.314X 298 
2:312 


K=1.6X10" Ans. 
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TABLE 16.1 
Standard reduction (electrode) potentials 
" Half reaction EV) 
Very weak Lit+e7>Li —3.04 Very strong 
Oxiding Cst+e- > Cs —2.95 reducing agents 
agent Rb*-e- > Rb —2.93 
Kt+e > K —2.92 
Ba?+-+2e7 > Ba —2.90 
Sr?+-+2e7 => Sr —2.89 
Cat*2e- + Ca —2.87 
Na*-ce- > Na —.71 
Mg*++2e- -> Mg 222137. 
Alt3e- > Al —1.66 
Mn*++2e— > Mn —1.18 
2H,0--2e- > H,(g)+20H- —0.83 
Zn2*--2e- > Zn —0.76 
Cr++3e7 — Cr —0.74 
Fett.-2e- > Fe —0.44 
ot Cte > Cr+ —0.41 | 3 
2. 1- Co*t-+2e7, Co —0.28 | & 
E | Nitt+2e- > Ni. —025 | S. 
@ | Snt-F2e7 > Sn —0.14 | 5 
S | Pbè++2e7 — Pb —0.13 | 58 
*!2H2*t42e- > Hy —0.00 | & 
z Sn**42e- — Sn**t +015 T 
2 | Cutt+2e7 > Cu +0.34 | & 
g | Cut+em > Cu +0.52 | g 
E | L-C2e- > 21> +0.54 18. 
® | O,-2H*-2e- > H0; +0.68 4% 
Fe*++e- > Fe? +0.77 
NO,742H*4e-—NO,(g)--H,O +0.78 
Agt+e- > Ag +0.80 
NO,-+4H*+3e— + NO+H,0 +0.96 
Bry4-2e- > 2Br-: +1.07 
10,42Ht4-2e- > H,O 4123 


4H*--MnO; 42e — Mn** 4-2H,0 +1.28 
Cr,0,2-+14H+ + 6e-+2Cr+ +7H,O +1.33 


Cl,+-2e- > 2C- +1.36 
Au**3e- > Au +150 
MnO,-+8H++5e->Mn*++4H,O +1.52 
Very strong H,0,+2H++2e-+2H,O +1.77 Very weak 
oxidising agents — F,--2e- > 2F^ +2.85 reducing agents 


Problem 16.2. Calculate the single electrode potential for copper metal in 
contact with 0.10 M Cu** solution. E? for copper is 0.24 volt. Ld 


Solution. Reduction half reaction for copper caa be written as, 
Cu** + 2e- > Cu 
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E=E°— lo:Q 


n=2, E°= +0.34 volt 


0.0592 
n 


0.34 — 0.0296 
=0.31V Ans. 


16.6. NERNST THEORY OF ELECTRODE-POTENTIAL La 


The ultimate source of E.M.F. in a galvanic cell is the chemical 
reaction which proceeds when current is flowing through it. 


According to the 
theory, proposed by 
Nernst, all the metal- 
lic elements and 
hydrogen have a ten- 
dency to pass into 
solution in the form of 
--vé ions. This pro- 
perty of the metal is 
known as its solution 
pressure. Due to the 
migration of +ve 
ions, the metallic 
electrode is left nega- Fig. 16.4. Electrical double layer. 

tively charged result- 

ing in the formation of an electrical double layer at the electrode. 
If a metal electrode is dipped in a solution of one of its salts the 
situation becomes slightly different. 

In such a case, the tendency of the metal to pass into solution 
as ions is opposed by the reverse tendency of the ions to get deposit- 
ed back on to the electrode. This backward reaction is attributed to 
reu pressure of the ions in solution. This is shown in Fig. 

.4. 

The standard electrode potential of the metal is equal to the deffe- 
rence between its solution pressure and the osmotic pressure of its 
ions. In this case, two possibilities can arise: 

(i) The solution pressure of the metal exceeds the osmotic pressure 
ofitsions. Herethe cations pass into solution more rapidly thus 
leaving the electrode negatively charged. The example is zinc rod 
dipped in zinc sulphate solution. 

(ii) The solution pressure of the metal is less than the osmotic 
pressure of its ions. In this case the cations will be driven out of the 
solution and will get deposited on the electrodes making it positively 


Solution of 
metal salt 
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charged. The example is provided by a copper electrode dipped in 
copper sulphate solution. 


16.7, REFERENCE ELECTRODES 


Now the question is, Is it possible to measure the single electrode 
potential directly. However, it can be measured indirectly by coupl- 
ing the electrode whose single electrode potential is to be measured 
with a reference electrode. The choice of a reference electrode in a 
particular situation depends on the nature of the substance in solu- 
tion. There are two types of reference electrodes: 


1. Primary Reference Electrode, and 

2. Secondary Reference Electrode. 

Primary reference electrodes. A hydrogen electrode is used 
as the primary reference electrode Standard Hydrogen Electrode 


con: A simple type of standard hydrogen electrode is shown in 
ig. 16.5. 


Piatinum sheet 
Dilute acid 


solution 


Fig. 16.5. Hydrogen electrode. 


Purified hydrogen gas is passed through an acid solution. A plati- 
num electrode coated with platinum black is dipped in the solution. 
As the hydrogen isin the gaseous form, this electrode acts asa 
charge carrier. The gas is bubbled out at the end of the tube as 
shown in the diagram. At the electrode surface the reversible reac- 
tion that takes place is: T 


H* (aq) HE7 (Pt) = Hg) ++. (16.9) 
By convention, the hydrogen electrode is assigned the value 
E°=0 when the platinum electrode is dipped in a solution of HCl 


of mean activity a—1 and the hydrogen gas is bubbled at 1 atm. 
pressure. It can be represented as 


Pt/H» (1 atm.)/H* (a=1) +. . (16.10) 
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Allother potentials expressed on this basis are referred to as 
potentials on the hydrogen scale. 


, In the hydrogen. electrode, platinum is poisoned by the adsorbed 
impurities from the solution and this causes difficulty in its use as 
it checkes the reversibility of the reaction. 


Secondary reference electrodes. In the use of hydrogen cell, 
many difficulties arise: such as the difficulty of setting up a hydrogen 
gas electrode, use of liquid junctions, etc. For the ake of simpli- 
city, several secondary electrodes, whose potentials are known on the 
hydrogen scale, are used in place of hydrogen electrode. A numbe: 
of electrodes are known and their use depends upon the substances 
in solution. It is always desirable to choose an electrode which will 
not require a salt bridge. One such electrode is the calomel elec- 
trode. 

(a) Calomel electrode. For the solutions having a. chloride ion, 
the calomel electrode is used as reference electrode. Here mercury is 
in contact with a solution of potassium chloride (0.1 N, 1 N and 
saturated solution of KCI) saturated with mercurous chloride. The 
mercury and mercurous chloride should be pure to give good and 
reproducible results. A simple type of calomel electrode generally 
used in the laboratory is shown in Fig. 16.6. 


uc Platinum wire 


KCI 


solution Mercurous chloride 


Mercury 


Fig. 16.6. Calomel Eleztrode. 


It.consists of glass vessel with small quantity of pure mercury at 
the bottom. The mercury layer is covered with paste of mercurous 
chloride and is filled with a saturated solution of KCl. A plati- 
num wire is fused in glass tube and a siphon tube provides for the 


connection. 
. The half-cell reaction is: 
HgCh+2e7 = 2Hg(1)+-2Cl- G6) 
The potential of a calomel electrode at 25°C is given by: 
E=0.2676—0.05915 log acī ... (16.12) 
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; In case the salt bridge is used with calomel electrode, then, its 
potential is fixed by the chloride ion concentration around it. 
(6) The quinhydrone electrode. Organic compounds show a 
reversible oxidation-reduction system. A common example is pro- 
vided by a mixture of quinone and hydroquinone, in presence of 
hydrogen ions. The system can be represented as: 
OH [6] 
| ll 


va + 2H* + 2e- ... (16.13) 
] d 
OH O 


All such systems can be represented by a general equation. 


According to Nernst equation, the potential of the system is given 
y 


nga RT SHQ | 
E=E°+- 2 In Dum -.. (16.14) 
o ü 2 
E=E°+ OF In uo E m In "XS o25616:15) 


From equation (16.15), it is clear that -the potential in quinhy- 
drone system is dependable on the hydrogen ion activity of the 
. System. If we have equimolar solutions of quinone and quinhydrone, 


then —2 will be constant and we have 
4H,Q 


SD SEE 
E=E TOES In Du 
or E-E*— AT. 52.303 log ag. 


Since, PH=—log ag 
The above equation becomes 


EZE M x2.303 pH 


or trea a RT ag i 24066) 

The quinhydrone electrode has a gold wire dipped in a solution 
of unknown pH. The solution is made saturated with quinhydrone 
and this is combined with a suitable reference electrode. The buffer 
solution is used for calibration, The potentia] of this electrode is a 
linear function of pH only below pH 8.5, This is due to the oxida- 
tion of hydroquinone in alkaline solution. 


—"——— ———— 


| 
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Advantages and limitations. The quinhydrone electrode is 
extremely simple to set up, and it gives its true reversible potential 
immediately. It is applicable to many types of solütion and' gives 
pH values as accurately as the hydrogen electrode. It can sometimes 
be used in solutions containing reducible substances (e.g., dil HNO3, 
NOs-, Cu?*, Pb?*, Cd?*, unsaturated acids where the hydrogen 
electrode is not applicable. Very small solutions are sufficient for 
substances using quinhydrone electrode. The electrode cannot be 
used with solutions containing any substances which might react with 
quinone or hydroquinone. The results obtained are inaccurate in 
solutions of pH more than 8.5. This is because hydroquinone begins 
to oxidise from the air. 

(c) Glass electrode. It consists of a glass vessel of special design 
as shown in Fig. 16.7 and 
is filled with dil. HCl 
solution. A silver electrode 
coated with AgCI is im- 
mersed in the HCI solu- 


tion. The lower part of the Wire 

apparatus is blown very Dilute HCI 

thin forming a glass mem- Solution 

brane. The potential of a 

cell, having glass elec- hi 
AgCI 


trode, is a linear. function 
of the pH of the solution 
in which the glass elec- 
trode is dipped. When 
this is used with a refe- 
rence electrode, we cannot 
use ordinary potentiometer 


Glass vessel 


Glass blown very 


circuits to measure the thin here | 
E.M.F. of a cell consist- 

ing of a glass electrode. 

This is because of the high 

resistance of the glass Fig. 16.7. The glass electrode. 


membrane. 

To measure the potential difference, a vacuum tube voltmeter is 
frequently used. Its operation is similar to a concentration cell i.e., 
the solutions outside and inside the glass membrane have different 
H+ ion concentrations. Due to this, a potential difference, called 
the liquid junction potential or the diffussion potential, is set up. 
This potential difference depends upon the pH of the outer solution 


and can be expressed as 


ESE'— a RT pH BETA) 
where E' is a constant, and depends.on the reference electrode used, 
This is the most convenient method for the measurement of pH. No 
oxidising, reducing and other types of substances can affect the 
electrode. The calibration of the electrode is done against the 
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standard buffer solutions. For use of the alkaline solutions, this 
must be made up of a special glass. The function of glass electrode 
is limited up to aqueous solutions only. 


16.8. ELECTRODES FOR THE MEASUREMENTS OF pH 


We have seen in the case of hydrogen electrode, quinhydrone 
electrode and glass electrode that these electrodes involve the 
equilibrium concentration of hydrogen ions and since the pH ofa 
solution depends on the H+ ion concentration (i.e.—pH=log [H*]) 
we can measure the pH of the solutions using these electrodes. Since 
the potential of an electrode which involves either H+ or OH- ions, 
depends on the pH of the solution, by measuring E.M.F. of the cell 
consisting of any of these electrodes, we can determine the pH of 
the solution. For this purpose, equation (16.16) can be written as: 


Eqs, g,——0.05915 pH (at 25°C and P=1 atm) —...(16.18) 


16.9. CONCENTRATION CELLS 


Concentration cells are those in which the cells are composed of the 
same metal and solution having different concentrations, and there 
is a transference of one or more substances from one part of the 
cell to another. Two types of concentration cells are generally 
employed. 


(1) Cells in which the concentration of the two solutions are the 
same but the concentrations of the electrodes are different. 


(2) Cells in which the two electrodes are identical but the solu- 
tions have different concentrations. 


Concentration cells of first type. The example of this type of cells 
are amalgam cells. In this case, two amalgams of the same metal at 
two different concentrations are immersed ina solution containing 
the metal ions. Let us consider the two electrodes of zinc amalgam 
having the concentrations of zinc C; and C», dipped in a solution of 
zinc sulphate. This can be represented as; 


Zn—Hg (C;) | ZnSO, aq. | Zn —Hg (C;) 
The E.M.F. is, therefore, given by 


DP oro 
TOP wee .. . (16.19) 


Actually Speaking, the more rigorous thermodynamic quantity—the 

mean activity coefficient, should be used in place of concentration. 

However, in case of very dilute Solutions, we can use concentration 

in place of activity. In this particular case, n=2. Similar cells can be 
. made using Zn, Pb, Sn and Cu electrodes. 


ELECTRO-CHEMICAL CELLS 459 


Concentration cells, of second type. In such cells the two electrodes 
ofthe same metalare dipped in two solutions with different con- 
centrations of the metal 
ions. The general arrange- 
ment of such a cell is 
shown in Fig. 16.8. 


It can be represented as: 
M|M* (C1) / M((C) | M 
where C2 — C,. Let two 
similar metals (having the 
same solution pressure) p, 
be dipped in solutions of 
their ions of different con- Fig. 16.8. Concentration cell of the 
centrations C; and C2. Let second type. 
pı and p, be their respective 
osmotic pressures. The contact between these two half cells is made 
by an inverted tube. Let e; be the electrode potential in the first 
solution where the concentration of ions is C; and ez is the electrode 
potential of the second solution of concentration C2. Then accord- 
ing to Nernst electrode potential equation, relations for e; and e; 
are given by 


RT Pı 
ap^ . »» (16.20) 
f baAR Tr odo ip; 
and ey In oF + «+ (16.21) 


Here one electrode becomes --ve while the other becomes —ve 
relative to the first one. If C27 Ci, then the electrode dipping in 
solution of concentration C2 will be relatively more --ve electrode 
than the other. The actual E.M.F. of the cell is given by 


ps mbi din d d. iip. D 
E-e-—e1-— nF In p CER. In 5 + + » (16.22) 


ART a BBG sp 
or E= nF In * x Pi 
LOT p PL 
SUE, pi 
This can also be written as: 
; CAT, C 
pe "F In [on aa a (16.23) 


Thus Æ can be calculated. Here p; « C» only if we assume that the 
solutions are very dilute and obey the ideal solution laws. A typical 
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cell of this type is shown in 
Fig. 16.9. Ag Ag 
In this Seaton, we Have 
only considered the phase ( e 
bou di potential i.e., the L-H.S| AgNO, : AcNO; |R.H.s. 
Solid metal in contact with 
the liquid phase. Experi- 
mentally it was observed that 
the E.M.F. E was different 
from the observed value. 
This was accounted for by 3 
suggesting that there exists Fig. 16.9. A typical concentration cell. 
a potential known as the 
diffusion potential at the junction of the solutions. Hence a correc- 
tion has to be made. 


(C1) (C2) 


Baasa ers RT In 2 -.. . (16.24) 


Where + e; is known as the liquid junction potential. 


16.10. LIQUID JUNCTION POTENTIAL 


It has been found that the experimental value of E.M.F. (E) for the 
cell of second type, discussed in the previous section, does not agree 
with the theoretically expected value. The reason for this difference 
can be seen as follows: 


While calculating the E.M.F.E of this cell, we have assumed that 
the solution interface is the only seat of potential, though there is 
yet another surface of contact i.e, liquid-liquid contact. This gives 
rise to another potential called the liquid-junction potential. In cells 
where the two solutions of an electrolyte of different concentrations 
are brought in contact with one another, the more concentrated 
solution will tend to diffuse in the more dilute solution. Two cases 
will arise: 


(a) When the cation moves faster than the anions, then the former 
will tend to diffuse ahead of the latter into the solution. Thus this 
solution will become positively charged with respect to the concen- 
trated solution. 


(b) When the anion moves faster than the cation, the dilute 
solution will acquire a negative charge. 


In either case, *'an electrical double layer" is produced at the junc- 
tions of the two layers, The attraction between the opposite charges 
will prevent any appreciable separation of anions from cations and 
this leads to the development ofa potential difference at the boun- 
dary called the liquid junction potential or sometimes the diffusion 
potential. 


However, when the speed of the moving ions are equal, the liquid 
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junction potential becomes zero as in the. case of solutions of KCl, 
NH,Cl etc. It is for this reason that saturated solutions of these 
electrolytes are used as salt bridge, to avoid, the liquid junction 
potential. 5 


16.11. POTENTIÓMETER TITRATIONS 


The branch of quantitative analysis involving the [estimation of 
substances in solution by the measurement of potentials is known as 
potentiometric analysis or potentiometric titration. The potentio- 
metric measurements provide us the facility of conducting many 
titrations. The essential condition to conduct these titrations is, 
that the reaction must involve the addition or, removal of some ion 
for which an electrode is available. 

The potential (E) of any form of hydrogen electrcde, measured 
against any convenient reference electrode, is related to the pH of 
the solution by the equation, 


E-E*4- 2T pH "En I(f8.05) 


where E? is the potential of the reference electrode and is constant. 
Thus pH measurements can also serve for potential-measurements 
(E). 

In titrations involving acid-base neutralization, the potential 
(or pH) can be measured after successive additions of small volumes 
of the titrant. This change in potential (or pH) is plotted against the 
volume added, resulting ina S i 
shaped curve as shown in 
Fig. 16.10. This crrve is 
known as potentiometric titra- 
tion-curve and-has the greatest 
slope at the equivalence-point. 


The addition of small 
amount of titrant at this point 
i.e., end point, has t fae 
greater effect upon the solu- 
tion than elsewhere. Consider Volume —» 
the titration | involving hydro- Fig. 16.10. Potentiometric titration 
chloric “acid and sodium curve. 


hydroxide. Let a solution of oq 
NaOH be added to a solution of HCl. To minimise the volume- 


error, the acid should be 0.01 N and the normality of the base 
around 0.1 N. 
After each addition, the emf is read. When the later begins to show 
a tendency to increase appreciably, the increments are made smaller 
and smaller until near the end point, only 0.1 cm? or less are added 
ata time. By such a prccedure, it is possible to obtain a sharp 
maximum and hence with in narrow limits the volume of base 
equivalent to the acid taken On plotting a graph between change in 


> Equivalence point 


Potential or pH —> 
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potential and the volume of NaOH added, we get a curve shown in 
Fig. 16.10. 


the base or acid is weakly ionized, the curve shows less steepness, 


Equivalence point 


05-10. TE 2.0 
Volume of NaOH 


Fig. 16.11. Potentiometric titration curve of HCl vs NaOH. 


curve. The maximum value of AE] AV corresponds to the end- 
point. Figure 16.12 represents the differential curve of 0.01 N HCI 
vs 1.0 N. NaOH. Point O represents the equivalence point. 

The above principle is applied in displacement reactions involv- 
ing neutralization. Many titra- 
tions involving precipitation o 
and oxidation-reduction and ! 
Sometimes reactions involving 
the decomposition and forma. AE f 
tion of soluble complexes are Av 
also studied potentiometrically. 


_ The potentiometric method of 
titration offers a number of 
advantages in the determination 
of equivalence point; 9 05 10 1-5 26 
^ (i) can be used in coloured or Volume 
turbid solutions where ordinarily Fig. 16.12. Differential titration curve, 
the use of coloured visual indi- HCI vs NaOH. 
. cator would be useless. 
(ii) can be used where there is no satisfactory internal indicator 
to mark the equivalence point. 
(iii) can be used. where the change in potential (or pH) is rather 


too small at the end point to cause the complete change of coluor 
f he indicator. 
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(iv) a magnetic. valve may be fitted to a potentiometer so that 
when a certain potential or pH is reached, the supply of titrant from 
a burette may be shutoff. This permits automatic titrations to be 
performed. 


Applications of potentiometric titrations. A growing number 
of chemotherapeutic substances are assayed by potentiometric 
titrations, some common examples are caffine, phenobarbital, 
codeine phosphate, chloroprocaine hydrochloride, sodium citrate, 
sulphacetamide, suphadiazine, sulphamerazine, tetrahydroline etc. 
Table 16 2- gives the official compounds which may be assayed 
potentiometrically along with the electrode pair which may be used 
for the titration. 

Some pharmaceutical compounds which are affected significantly 
by oxidation-reduction are assayed potentiometrically; they include 
fats, oils, ascorbic acid, vitamin K, vitamin of the B group and 
morphine. 


16.12. FUEL CELLS 


A cellin which the combustion of a fuel is the chemical reaction, 
that provides the electrical energy, is called Fuel Cell. We can define 
a fuel cell as a galvanic cell in which a conventional fuel is supplied 
to one electrode and an oxidant, usually oxygen or air, to the other. 
Both electrodes and electrolytes present should be unaffected by the 
reaction. Electrodes also must meet stringent requirements. They 
must be good conductors and good electron sources or sinks and 
must not be consumed or deteriorated by the electrolyte, heat or 
electrode reactions, Hydrogen and oxygen are the reactants which 
are used in most ofthe fuel cells. A typical fuel cell is shown in 
Fig. 16.13. 

The anodes and cathodes are made of porous nickel immersed in 


potassium hydroxide solu- 
tion. A catalyst is added 
to increase the rate of 
reaction. The gases hydro- 
gen and oxygen pass round 
the anodes and cathodes 
under pressure. The reac- 
tions occurring in a fuel 
cell can be symbolised as 
under: 


E To ; LO At the cathode: 
iu Ld tees 102+ H30--2e- —20H- 
T At the anode: 
i : 
"i + KOH outlet H2+20H-=H20+2e7 


Overall reaction will be 
H,+40.=H20 


Fig. 16.13. Fuel Cell. 


ELECTRO-CHEMICAL CELLS : . 465 


It has been. found that the production of electricity by means of a 
fuel cell is twice as efficient as the method, in which the fuel is burnt 
to power a steam turbine. 


Fuel cells are being designed and fabricated for applications such 
asauxiliary power sources on spacecraft and submarines or other 
military vehicles to replace gasoline and diesel-powered generators 
and automobile engines, or to convert household sewage and other 
wastes to less noxious products. In future, fue] cells could be used 
to Ely fresh water, heat and electricity to even the most remote 
villages. 


16.13. POLAROGRAPHY 


Inan electrolysis-cell, having one polarizable electrode and other 
non-polarizable electrode, there occurs a phenomenon, which can be 
studied by means ofcurrent voltage curves. With the help of the 
current voltage-curve, the solution can be analysed. This method is 
known as voltametry. The technique in which the polarizable 
electrode consists of dropping mercury is known as polarography. 


The dropping mercury electrode (DME). As the name 
suggests, the. electrode is mercury in the form of a succession of 
droplets coming out from a glass capillary (internal diameter 0.03 to 
0.05 mm). This has two advantages, first it provides the high 
hydrogen overvoltage and secondly, the electrode surface is being 
continually renewed and hence cannot become fouled. The diagram- 
matic representation of the apparatus is shown in Fig. 16.14. 


Mercury reservoir 


layer ` 
Fig. 16.14. Essential features of a polarograph. ~ 


The flask contains the experimental solution, which is saturated 
with an inert gas (nitrogen or hydrogen) by passing the gas through 
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the tube 7, C is a capillary from which the mercury falls at the 
rate of 20 to 30 drops per minute. The mercury level M serves as 
anode. The applied voltage is varied by means of a sliding contact 
along a potentiometer wire Z. The galvanometer G is provided with 
a shunt Sto measure the current Strength. The complete current- 
voltage curve is thus obtained. The curve is obtained by automatic 
registering apparatus, known as polarograph and the curve so ob- 
tained is known as polarogram. The polarographic analysis ofa 
solution of 0.1 MCaCl» containing Cut?, Pb*2, Zn*?, Cd?*, Mr?* etc. 
as impurities is shown in Fig. 16.15. The different species occupy 
their characteristic pcsitions with respect to voltage in the polaro- 
gram, as shown below: 


Ca?* 


Potential ——> 


Fig. 16.15. Polarogram of CaCl, (0.1 M) ccntaining 
Cutt, Pb**, Zut+, Cd**, Mn**, etc., as impurities. 


Theory of current voltage curves. Using the cell shown in 


Fig. 16.14, we can obtain the polatogram of 0.001M CdClz in 0.01 M 
KCl. This is shown in Fig. 16.16. s 


w^ PON 
| 
6 i 
vaf 4 5 on : 
'Half wave — : 
2 ‘potential — i 


-02 -04 -06 —0.8 -1.0 -12 


Fig. 16.16. Polarcgram of CdC!, (0.001 M) in KCI. 
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The above curve can be divided into three regions i.e. L, M and 
N. At low potential (region) Z, the current is very small due to the 
reduction of traces of impurities; this is known as residual current. 
On increasing the negative potential, the reduction of Cd** ion 
Starts, resulting in a sharp increase of current. When Cd ion is 
reduced completely, the current becomes almost constant (region N). 
This saturation is dueto the local depletion of Cd** ions in the 
vicinity of the DME. At this stage, the value of. limiting current i.e., 
PQ, is known as the diffusion-current and depends upon the con- 
centration of the reducible species. 


If be the number of electrons involved in the cathodic reduction ` 


"Process C the concentration of reducible substance in millimoles 


per litre, D the co-efficient of diffusion of the reducible substance in 
cm?[sec.,m the mass of mercury flowing through the capillary in 
mg/sec. and t be the time between successive drops in seconds, the 
diffusion current ig can be expressed using the relation 


7 i 2 1 
j4—607nCD* m? t° +. (16.26) 


"This is known as. ZIkovic equation and can be used to estimate n or 


D under the conditions of the experiment. In practical polarography, 
stationary micro-electrodes are seldom used as it decreases the 
diffusion current and these have been replaced by rotating platinum 
electrode. à 

There are numerous uses to which polarography can be put to 
both in qualitative and quantitative analysis. Substances can be 
identified by knowing their characteristic half wave potentials (Era) 
d.e., the potential at the point on the polarogram where the current is 
half the diffusion current. Polarographic analysis is very useful in 
determining the structures of the organic compounds. 


16.14. THE CORROSION OF METALS 


‘Corrosion is a chemical reaction occurring at the surface of metals 
by which the metals are converted into chemical compounds. For 
example, iron, in moist atmosphere turns to iron oxide and the 
phenomenon is known as the rusting of iron. Certain metals like 
gold, silver, platinum, etc. donot undergo these changes and are 
called ‘noble’ metals. Due to the slow metal oxidation and the for- 
mation of impermeable skin, the corrosion is not a rapid process, 
‘though the process is rapid in moist air, presence of sulphur dioxide 
and water. " ; 

As the corrosion is an electro-chemical process, a potential diffe- 
Tence is set up between the points of the surface, resulting in the 
formation of ‘chemical-cell of the type system shown in Fig. 16.9. 
If we have copper and iron junction dipped into a salt solution, 
copper, being more electropositive, will act as the: positive pole 
or anode whereas iron will behave like cathode. This will result in a 
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flow of electrons from iron to copper. Inside the solution, iron is. 
anode and copper is cathode as shown in Fig. 16.17. 


Due to the anode reaction iron will be dissolved as ferrous ions, 
but at the cathode, Na* or H* ions will be discharged. Also due to 
alternative reaction, soluble oxygen will be converted to OH- ions, 
as given below: 


0.+H20+4e- — 40H^ . ... (16.27). 


These OH- ions are attracted by the anode where they combine with 
Fe** ions to form ferrous hydroxide. Thus iron near the junction is 
corroded whereas there is 


Electron 
no effect on the copper. iron —+> Copper 
A similar situation Tow + 
arises with single metals, f 
For example, if there is Corrosions 


a break on the oxide film 
on the iron surface, the 
oxide layer behaves as 
cathode whereas the ex- 
posed iron becomes 


anode. This facilitates i ; 3 
the corrosion Fig. 16.17. Electrolytic corrosion at the junc- 
: tion between two metals (Fe— Cu). 


This process can be 
resisted by a number of methods such as: q 
(1) by alloying the metal with suitable materials i.e., stainless 
steel (Cr and Ni alloy). 
(2) by applying a protective coating of paint or of a less corrodi- 
able metals i.e., Ag, Au, Cu, etc. 
(3) by the protection of the cathode. 


PROBLEMS 


1. Devise cells in which cell reactions are the following: 
(a) H,--I, e 2 HI Jj 
(6) S,0,2- --2I- e T,2-280,1- 
(c) 2Fe**-- CH,CHO -H,0 &e2Fe^*-- CH,COOH 4-2H* 
Write down the cells with proper regard for the sign convention. 
Ans. (a) P(H;)/H*; I7/T, (Pt); 
(b) Pt(I/I7/ : SO;*-, S,O,7-/Pt; 
(c) Pt/CH,CHO, CH; COOH/Fe**+ Fe?*/Pt. 
2. (a) The two electrodes ina galvanic cell are called the anode and the 
cathode. Reduction occurs at the cathode and oxidation at the anode. In Cu—Zn 
cell, which electrode is the anode and which is the cathode. 5 
Ans. Cu electrode is cathode; 
Zn electrode is anode. 
(b) The oxidation-reduction reactions in an electron transfer reaction ate 
called half cell reactions. Write down the half cell reaction for the reduction of 
H,O in the reaction between Na and H,O. 
Ans. H,O+e-->}H,-+OH- 
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3. What is. a reversible electrode? What type of reversible electrodes are 
commonly known? Explain with examples? ‘i 


4. What do you understand by single electrode potential? How can it be 
measured experimentally? 
5. When asilver-silver chloride and a calomel electrode are incorporated in 
the same cell, the reaction that takes place as the cell supplies current is: 
Ag(s)+4Hg,Cl.(s) e Hg(1)2- AgCl(s) ; 

- The EMF of the cell is 0.0455V at 298K and the temperature coefficient 
( 17), is 0.000338 VK. Calculate AG, AS and AH for the reaction. What 
would be the values for the reaction: 

2Ag(s)-+Hg,Cla(s)=2Hg(1)-+2AgCl(s) 
[Ans. AG=—4390J; AS—32.6JK-; 


AH=5330J; for the doubled 
reaction all these values will 


be doubled]. 
6. Calculate the EMF at 25?C of the cell; 
0.2 mol dm7? || 0.5 mol dm-* 
Pt, H, formic acid | acetic acid. | P» Pt 


given that the dissociation constant of formic acid and acetic acid are 1.77x107* 
and |.75X10-5 respectively at 25°C. Assume that the liquid junction potential 
has been eliminated and that activity coefficients are unity. 

[Ans, —0.018V] 


7. Calculate the E.M.F. for the cell 
Zn/Zn**(1M) I| Ag*(1M)/Ag 
Given E Za ** +-0.762 volts (oxidation potential) 


ES Ag*—Ag 0.800 volts (reduction potential) 


Ans. 4-1.562 volts 
(5) For the reaction taking place in the cell 
Zn/Zn*2(aq) || Cu**(aq)/Cu 
the standard free energy change at 25°C is —50.79 kcal mol-1, Calculate the 
E.M.F. at 25°C if the concentrations of zinc ions and copper ions are 0.015 mole 
Jitre-! and 0.0370 mole litre- respectively. 
Ans. 1.111 volts 


8. Given below is a potential diagram indicating the standard oxidation 
potentials in volts for half reactions between the oxidation states of a hypo- 
th.tical metallic element M. 


=1.04 
} 
2.03 —0.97 -1.15 -0.93 4 
M—-- MHi——— MH ——~+MO,*! -—5 MO,t* 
f —1.01 
| l 
where M**--2H,0 —2MO,**--4H"-4- 3e E*- —1.01 volts 
MH -2H,0—2 MO0,* --4HH-Fe E?- —1.15 volts 


ay, Under stanlard conditions, (a) Will M react with Agt? (b) Will M+? be re- 
duced by Fe? (c) Will M*3 bz oxidised by Cla? (d) Will M* be reduced by Sn? 
(e) Will M** and MO,* react? (f) Will MO;* go to a higher and lower oxi- 
dation state simultaneously (disproportionate)? 
9. Given the concentration cell. 
Hz/Hg, Cl;(s)/HCI (0.01 m) il HCI (0.1 m)/Hg.Cl,(s) Hg 
where the sign ll denotes a membrane through which only H+ ions can pass. 
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(a) Write the electrode reactions, the changes dus to transference and the net 
cell reaction, 
(b) Calculate the-E.M.F. of the cell at 25°C. 
Ans, (a) Anode reaction: Hg+2Cl- (0 Olm)=Hg,Cl,+2e- 
Cathode reaction: Hg,Cl,--2e- —2CI- (0 1 m)+2Hg 
Transference process: 2H* (0 01 m)=H+(0.1) 
Net cell reaction: 2H+ (0.01 m)+2CI- (0.01 m) 
=2H+ (0.1 m)+2Cl- (0.1 m) 
(6) —0.118V 


10. Explain the use of the calomel reference electrode for the determination 
of single electrode potentials. What is the function cf a salt bridge used? 

11. What are concentration cells? Derive an expression for the E.M.F. of a 
concentration cell. Calculate the “potential developed on a copper electrode at 
25° when itis dipping ina 0.1 m solution of copper sulphate. The standard 
electrode potential of Cu/CuSO, system is —0.337 volt at 25*. 

Ans. —0.317 volt 
` 2. Describe a quinhydrone electrode. Derive an expression for the poten- 
tial of quinhydrone elecfrode. Explain how pH of a solution can te deter- 
mined using this electrode. What are the limitations cf a quinhydrcne electrode? 

13. Write notes on the following: s 

(a) Corrosion of metals 

(b) Polarography | 

(c) Potentiometric titrations 

(d) Glass electrode. 
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reactions which take place very slowly at ordinary temperature, but 
when the temperature is raised, they occur rapidly. It has been 
approximately found that for every 10*C. rise in temperature, the 
velocity of the reaction gets doubled. 


Effect of concentrations (or pressures). With the exception 
of zero order reactions, the rate of every chemical reaction is directly 
proportional to the concentrations (or pressures) of the reacting 
substances. Since concentrations of the reacting species do not 
remain constant during the course of the reaction and are con- 
tinuously consumed during the course of the reaction, therefore, 
concentrations of the reactants decrease with the time. The varia- 
tion of concentration (or the rate of r action) with time is shown 
inFig.17 l. The rate is highest in the beginning, decreases gra- 
dually and becomes slower and slower with increase of time. 
Theoretically a reaction is never complete but for all practical 
purposes, it is assumed that the reaction becomes so slow after 

some time that it may be taken 
to be complete. Reverse is the 
t case with the concentrations of 
the products. This can easily 
Products be understood from the curve 
in the diagram, which shows the 
variation of concentration of ' 
products, with time. 


i 
l 


Reacts Effect of a catalyst, The 

nts presence of a catalyst can in- 

crease or decrease the speed of 

Time —> a particular reaction e.g., H, 

» ^ and O, do not combine, But in 
Tig. 17.1. Concentration versus the presence of a small quantity 


time plot for reactants and pro- 


ducts of a reaction. of platinum which acts as a 


catalyst they combine and the 
reaction occurs rapidly. Similarly, a small amount of glycerine or 
acetanilide slows down the decomposition of hydrogen peroxide. 
The reactions which occur in the presence of a catalyst are known 


as catalysed reactions. 


Some reactions are very sensitive to light e.g., the reaction bet- 
ween H2 and Cl», photosynthesis etc. They take place rapidly when 
light of suitable wavelength is passed through the reacting sub- 
stances. Such reactions are known as the photochemical reactions. 


Kinetically, reactions can be distinguished into two types, i.e., 
(1) Homogeneous Reactions and (2) Heterogeneous Reactions, A 
homogeneous reaction takes place entirely in one phase, it may 
either be gas or solution. But, a heterogeneous reaction takes place 
intwo or more phases, e.g., gaseous reactions taking place on the 
surface of a solid catalyst or in the interior wall of the container. 


Chapter 17 


CHEMICAL KINETICS 


17.1. INTRODUCTION 


The rates at which chemical reactions occur are justas important 
to you as they are to the industrialist and the chemical engineers. At 
home you might be interested in the rate at which you can bake 
a cake or boil an egg. Out of doors, you might be interested in the 
rate at which your cycle or scooter is rustin^, the rate at which 
lettuces are growing and the rate at which the store work of build- 
ing is being weathered by acidic gases in the atmosphere. In industry, 
engineers and other workers will be closely concerned with the rates 
of chemical reactions in industrial processes and in constructional 
engineering, i.e, the rate at which ammonia can. be obtained from 
nitrogen and hydrogen, the rate at which concrete sets or the rate of 
growth of a particular fruit or vegetable crop. From a fundamental 
point of view, there are-two important aspects to any process of 
change. The first is the extent to which a change had taken place; the 
second is the time taken to accomplish the change. 


Chemical reactions occur at a variety of rates from very rapid to 
very slow. For example, the paper on which this book is printed 
reacts extremely slowly with the atmospheric oxygen, whereas 
explosion is an extremely fast reaction. Chemical kinetics deals with 
the study ofthe speed or rate of chemical reactions and with the 
elucidation of their mechanism. 


It has been observed that there are some reactions which proceed 
very rapidly and appear to be instantaneous eg., N2O4-+2NO2, 
explosions and various ionic reactions. On the other hand, there are 
a number of reactions which proceed very slowly and require 
months and sometimes even years for completion at ordinary tem- 
perature e.g., combination of Hydrogen and Oxygen to give water 
in the absence of a catalyst. Between these two extremes, there are 
many reactions, involving both organic and inorganic substances, 
whose velocities at room temperature can be easily measured. 


Experimentally it has been found that the rate of a chemical reac- 
tion depends on the nature of the reacting species, the temperature, 
the concentrations (or pressures) of the reacting species and the 
presence of a catalyst. 


Effect of temperature. Increase of temperature leads to an 
increase in the velocity of the reaction. There are many gaseous 
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17.2. THE REACTION RATE 


The rate of a chemical reaction or alternatively its speed or velocity 
is defined as the rate at which concentrations of reacting species 


change with time and is denoted by << , where C is the concen- 


tration of any reacting substance and f is the time. If the concentra- 
tion of reacting substance decreases with increasing reaction time as 


inthe case of reactants, the minus sign is put before a i e., 


N 


Hea: A ula ^ A 3 
SES used. But if the concentration increases with time, plus 


sign is put before do. 


Consider, for example, the reaction 
H2+h->2HI 
The rate of this reaction can be expressed in terms of the rate of 
change of concentration of any of the species involved. 


d(C] 
Thus the rate of disapperance of H,— — ean evt otro 


«(Cj 
‘and rate of disappearance of L,—— e 2 (072) 
"where Cg, and Cy, are the concentrations of H2 and T2 at time f. 
Similarly, the rate of formation of the product HI is given by 


Cm) C 2013) 
dt 
where Cyr is the concentration of HI at any time f. 
The rates expressed by equations (17.1), (17.2) and (17.3) are 
Telated to each other through the stoichiometry of the reaction. 


Since one molecule of Hz combines with one molecule of Iz to 
‘give two molecule of HI, the rate of decrease of Cy, and Cy, must 
"be same and should be half the rate of increase of Cyr so that we 


‘have 
UCy,)  —UC,) Cu) 


FR | S ult 
Therefore, while writing the equation, it is necessary fo specify 
the species taken since rate for different species may be different. 


In general, the rate of any reaction is written in terms of con- 
«centration. This follows from Law of Mass Action according to 
which the rate of any chemical reaction at each instant is directly 
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proportional to the concentration of reacting species with each con- 
centration terms raised to a power equal to the number of molecules 
of each reacting species. 


Thus, for the reaction given above, the rate at which H3 and Db 
react is given by 


iex LCS 
dt "a =kCy,. Cr, 
where k is a constant. 


17.3. ORDER AND MOLECULARITY OF A REACTION 


The order of a reaction is defined as the sum of the powers ofthe 
concentration terms in the rate equation. Consider the rate of the 
reaction given by 


Rate=kC, Crt Cj*... 
Where 71, 72, nz are the powers of the concentrations Ci, C2, C3 of 
reactants 1, 2, 3... respectively and k is a constant. 
The overall order (n) of the reaction is 
n=m+n2+n3+... 


and nı, n2, m . . . etc, are the orders of the individual reactants 
UREI respectively. 


In order to illustrate it, consider the following reactions: 


X > Product +a (17.4) 
; X+Y — Products 
or 2X — Products VOTI. 5) 
2X+Y — Products 
or X+2Y — Products «+. (17.6) 


The rate of reaction (17.4) is given by kCx and the reaction is 
said to be of first order, the rate of reaction (17.5) is given by the 
KCxCy or kCx? and reaction is of second order and the rate of 
riser alae) is given by kCx?Cy or kCx Cy? and the reaction is of 
third order. : 


It is not essential that the Order of a reaction should be a whole 
number but can be zero or fractional. There are certain reactions, 
mostly heterogeneous reactions, for which the- rate is Zero or 
fractional. 


Consider the decomposition of any gas on the surface of a solid 
catalyst. For the reaction to take place, the gas is first adsorbed on 
the surface of the catalyst and then decomposes. If the gas is 
strongly adsorbed i.e, the entire surface of the solid is covered by: 
the gas so that the surface gets saturated With the gas, reaction will 
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be of zero order. But if the gas is weakly adsorbed, the reaction will 
be of first order. In the intermediate cases, the reaction will be of 
fractional order. ; 


The molecularity of a reaction is given by the number of atoms 
or molecules of all the species participating in the reaction as given 
by the stoichiometric equation. 


In the examples given above, since one molecule is involved in 
the reaction (17.4), it is unimolecular, Similarly, the reaction (17.5) 
is bimolecular as two molecules are involved and reaction (17.6) is 
termolecular as three molecules are involved. 


For the reactions given above, it is seen that the order of re- 
action is same as the molecularity of a reaction. This identity be- 
tween order and molecularity of a reaction does not hold in all 
cases. 


Consider inversion of cane sugar. This can be written as 
C12H22011+H20 ——> C6H12064- CeHi206 


Sucrose Water Glucose X Fructose ; 

Since two molecules of reactants are taking part in* the reaction, 
hence it is bimolecular. However, this reaction is found to be of 
first order with respect to sugar, Thus the order of reaction is not 
the same as the molecularity and a distinction has to be made be- 
tween the two. Order of a reaction is given by the number of atoms 
or molecules whose concentrations change during the reaction and 
determine the rate of the reaction. Thus, inversion of cane sugar 
is a first order reaction because rate is given by the concentration of 
sucrose only. Moreover, its concentration changes during the course 
of the reaction. Since water is present in excess, its concentration 
remains unaffected and hence does not contribute to the order of a 
reaction. But in determining molecularity of a reaction. all the 
molecules involved in the reaction are taken into consideration. Thus, 
inversion of cane sugar is an example of a bimolecular reaction with 
first order. 


17.4. FIRST ORDER REACTIONS 


Consider a first order reaction represented by 
A — Products 


The rate of this reaction is directly proportional to the concen- 
tration of A. If C is the concentration of the reactant A at any 
time z, the rate of disappearance of A can be expressed mathemati- 
cally as 

—dC 
= EO OE ey) 
i E edt. s 
where kı is proportionality constant called the specific reaction rate 
or specific velocity constant for the first order rate equation. It can 
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easily be seen from equation (17.7) that on putting C—1, kı be- 
comes equal to the reaction rate. The specific rate constant for a 
first order reaction is a constant characteristic of the reaction and 
varies with temperature, but is independent of concentration. Since 


oF and C have the units of concentration/time and concentration 


respectively, therefore, kı has the units of reciprocal time, i.e., 17! as 
ki-— (=) 1 If time is given in seconds as is generally the 


case, the units of kı are sec-!, 


Equation (17.7) can also be written in another alternate but 
equivalent form. Let a mols/litre be the initial concentration of A. 
After time £, let x mols per litre of A have decomposed into the 
products. Therefore, remaining concentration of A at time t—(a— x) 
mols/litre. 


Putting (a—x) for C into equation (17.7), 


: e Ga) ... (17.8) 
—d(a—x) da dx dx 
oe dt hou ordi -(- dt ) “dt 
(=o because a is a constant ) 
Therefore, equation (17.8) becomes 
m . 
r1 =kı(a—x) -.. (17.9) 


This equation gives the rate of first order reaction in terms of 
initial concentration of the reactant and concentration of the reactant 
‘decomposed. Separating the variables and integrating this equation 
between the limits x=0 at t=0 and x—x at time t; : 


x t=t 


[—in(a—x)+Ina]=k;t 
and finally, In 


SIT =kıt RVA O 

Equation (17.10) is known as the kinetic equation for a reaction 
of the first order. This equation can also be written in the following 
alternate forms: : 
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2.303 a 
k= NS log i tSp 
2.303 a 
and t= deg L— ee (1712* 


Test for a first order reaction. A reaction is considered to be 
of first order if it strictly obeys equation (17-10). This can be verified 
by any of the following three methods: . 


(i) Integration method, In this method, the values of ky are 
calculated from equation (17.11) from a knowledge of initial con- 
centration a and the concentrations of reacting substances at various 
time intervals. The value of a will be constant but that of (a—x) 
will be different at different times. If the reaction obeys a first order 
equation, the various values of k; calculated will be the same. If ky 
values differ, higher order equations are tried until the assumed rate 
equation under consideration satisfactorily reproduce the observed 
data. 


If equation (17.9) is integrated between the limits x—x; at teli; 
and x—x» at 1—12, we get the result 
Wo 
a— x2 


In zka(t—n) 


This equation can also be used to calculate kı by taking any pair 
of concentrations of the reactants at any two time intervals. . 
(ii) The graphic method. Equation §(17.10) can also. be written 
in the form, j 
—h 
log (o—x)=( 395 itlog a 


This equation is similar to an equation for a straight line, Hence 
a plot of log (a—x) versus t for a first order reaction should be a. 


y 5 d —ky 
straight line with a slope of 2:303 


and intercept on the y-axis equal > 
to log a as shown in Fig. 17.2. = Slope == 
The rate constant ki can thusbe 7 2 30 
calculated fromthe slope S|51og a N iy 
kı= — 2.303 (slope). 2|. js 

(iii) Fractional life method. ` |] 
Inthis method, the time required 5 
to complete a definite fraction of (0 —> 


the reaction is calculated, and is 5 > 

shown to be independent of con- rie ta minea plot Lota Br 
centration. The fraction generally 

taken is one-half of a given reactant, If 11? is the time required to 
reduce the concentration of the reacting substance. to half its initial. 
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value i.e., for x= 3 equation (17.10) becomes 
2 
1j2— a log RAM a = 220 log 2 
215 


13/2 is referred to as the half life period. 


Thus, forany first order reaction, ti/2is a constant and inde- 
pendent of the initial concentration ofthe reactant. Consequently, 
in a first order reaction, the time required to reduce the amount of 
reactant from 1 mol/litre to 0.5 mol/litre will be the same as is 
required to reduce it from 10 mols/litre to 5 mols/litre in the same 
volume. 

Similarly it can also be showa that the time required to complete 
$thorany other fraction of the reactant is also independent of 
‘initial concentration. 


Examples of First Order Reactions 
(a) The decomposition of nitrogen pentoxide. This can be 
studied both in gas and in solution. The stoichiometric equation for 
the gaseous decomposition of N2Qs is represented by 
2N20s(g)= 4NOx(g)--Ox(g) 
Though this is a bimolecular reaction but is of first order and the 
mate law is given by 
—dCw.o, 
Sore ais -kı Cy.0 
The course of this reaction is studied by determining the pressures 
of N2Os at various intervals of time. Let Po is the initial pressure 
of N20s (t=0), P, is the pressure after time ¢ and Pæ is the pressure 
when the reaction is complete. The initial concentration of N20s, 
i.e., a is equivalent to P4, —Po and concentration of N2Os at time t, 
i.e., (a—x) is given by Pj, — P, 


2.303 Poo — Po 
GERE sr cts 


i Actually the dissociation of N205 takes place in the following two 
‘steps: 


First Step: N20s > 2NO2+0 
Second Step: O40 O: 


Second step is much faster as compared to first step. Hence first 
‘step is the rate determining step. In principle, it can be said that 
if a reaction takes place in various steps, the rate of the reaction is 
-determined by the slowest step. 


The decomposition of N20; is also studied in solution, generally 
-carbon tetrachloride. Both N20; and NO»are soluble in CCl, and 
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oxygen evolved. at completion. This total volume will be propor- 


tional to the initial number of mols of N20; say a. Thus Vis 


formed and hence is proportional to x in equation (17.10). Thus the 
concentration of N2Os, (a—x), left at time t, is proportional to ` 
(Vo —V;). Thus substituting V. fora and (Veo —V;) for (@—x) in 


2.303 og Koo 


” Voog —V; t 
(b) Hydrolysis of methyl acetate in aqueous solution, Since 
this reaction is very slow, therefore, it is studied in the presence of a 


‘small amount of mineral acid which acts as a catalyst. The reaction 
is represented by f 


H+ 
CH3COOCH;4-H;0 ——> CH;COOH T CH3OH 


The rate of this reaction is given by 
ax. 
dt ~™ “cx,coocn, : Cu,o 

But, since water is present in large excess, its concentration is 
almost constant and, therefore, rate equation reduces to 


dx " 
"dr TK * Cca,coocu, 


ie.. the rate of the reaction is determined only by the concentration 
of the methyl acetate and hence this reaction. is of the first order 
and obeys first order equation. 

Reactions of this type are known as Pseudo Unimolecular 
Reactions. , 

This reaction is studied as follows: 

A definite amount of the reacting solution, which consists of 
methylacetate dissolved in water, containing a small quantity of 
HCI, is removed with Pipette, into a conical flask and titrated with a 
standard solution of alkali. The volume of the alkali solution used 
is equivalent to the total of HCl added and the acetic acid produced 
dueto hydrolysis. This amount of HCI added is determined by 


reaction and V, the volume after time t, then (Vi-Vo) is the 
volume required to neutralise acetic acid formed at time 7, This is 
identified with x in the rate equation for first order reaction. When 
the reac'ion is complete, let Ven be the volume of alkali required 
for neutralization of the reaction mixture. (This now consists of HCl 
and acetic acid formed by complete hydrolysis of ester.) Thus, the 
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-initial concentration of methyl acetate, i.e., a is proportional to 

(V, —Vo) and the concentration of methyl acetate at any time 

t, i.e., (a—x) is proportional to (Va; —Vo)—(V;—Vo) (Vas — V). 
Therefore, equation for the first order reaction is written as 


2.303 Vos —Vi 
UE o6 vaste 


(v) Inversion or hydrolysis of cane sugar. This is another 
example of pseudo unimolecular reaction similar to the hydrolysis. 
of ester and is represented as 


Ht 
Ci4Hz20114- H20 —> CeHi206 + CH 006 
Surcrose Glucose Fructose 
Dextro Laevo 

This reaction is studied by measuring the angles of rotation of 
reaction mixture at various times. Let ao ann «oo be the angles of 
rotation at the start (1—0) and when the reaction is complete respec- 
tively and «, is the angle at any time f, Then («o—&oo)is propor- 
tional to the initial amount of sucrose, i.e., a and («,—«o) is propor- 
tional to the amount of sucrose left at time t, i.e., (a—x). Therefore, 
rate equation becomes 


«M8: o6 = 
1— oo 
(d) Decomposition of benzene diazonium chloride 
C.H;N=NCl in water. This reaction takes place on heating and 
can be written as : 
CsHsN=NCI+H20 —- CsHsOH-++-HCI+N2 


The reaction is studied by measuring the volume of N2 produced 
by decomposition of CsHsN=NCI at various time intervals. The 
volume of N2 evolved is proportional to the decrease in concentra- 
tion of diazonium salt. If Vo isthe volume of N measured at the 
end of the reaction and V, the volume at any time t then 

a x Veg and (a—x) « (Vs, —V;) 

Therefore, 3 
2.303 Ya 

log Va Vi 


Problem 17.1. From the following data, show that the decomposition of 
hydrogen peroxide in aqueous solution is a first order reaction. 


k= 


Time in minutes 0 5 10 20 
KMnO; (ml) 46.1 37.1 29.8 19.6 
Solution. For a first order reaction, 
pi 2.303 1 a 
ey aaa ay SEE 


Here a=46.1, the volume of KMnO, used at zero time and (a—x) corres- 
ponds to the volume of KMnO, used at any time. 
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Substituting the various values in the above equation, we get 


t=5 k= E log A-0055 


2 2.303 46.1 

t=10 h- ^ dog 9: 70.0438 
1.2303 461. 

1220 fi m log 754 =0.0429 


The constancy of k, shows that the reaction under consideration is of first 
order, 


Problem 17.2. The following data was obtained on the 


hydrolysis of methyl 
duc at 25°C in the presence of 0.35N hydrochloric acid which was used as a 
catalyst. d 
Time (seconds) 0 1200 4500 7140 56 
ml. of alkali used 24.36 25.85 29.32 31.72 4715 
From the above data, show that the hydrolysis of methyl acetate is a first 
order reaction, 


Solution. Since for a first order reaction, 
2.303 KAE 
"Nr Ud Ta T: 


where the terms Vj, V; and V4, are the volume Of alkali used at the start of the 
reaction, after time ¢ and at the end of the reaction respectively. 


The value of k, calculated at different times is given below: 


_ 2.303 47.15—24.36 2 jas 
t=1200 k= T3007 log "47.16—25.86 75-6210 


12.303 47.15 -24.36 i 
[71800 =a log 2 113-293 7546X 10-8 


127140 pus 2.303. 168 47.15— 24.36 


= Sa 5. ak! 
7140, 9517153175 -544x10 
Since k, is constant, hence hydrolysis of methyl acetate is a first order 
reaction. 


Problem 17.3. The optic; 
intervals are given below, 


Time (minutes) : 30 10 20 40. oo 
Rotation (degrees) +32.4. 428.8 +25.5 1519.6 2 btia 
Show that the reaction is of first order. 
Solution. For the reaction under consideration, 
2.303 Zoto 

t lo Bt Us 


where «o, a and ago represent the Optical rotation at the start of the reaction, at 
time 7 and at the completion of the reaction. 


Hence &g— too = +32.4—(—11.1)= +43.5 


al rotations of sucrose in 0.5 N HCl at various time 


k= 


2.203 aa — a 
Lv) A Meis ark 
107 359 2.303 43.5 


-o leg 399— 0.008625 
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2.303 , 43.5 
20 36.6 —590 log AGF 70408625 
2.303 43.5 
40 30.7 ` 40 log 307 70.008117 


The constancy of k, clearly shows that the reaction is of first order. 


Problem 17.4. Decomposition of benzene diazonium chloride was studied at a 
constant temperature by measuring the volume of N, evolved at various intervals 


of time. The following data was obtained: 


Time (minutes) 0 20 50 70 [I 
N; (ml) 0 10 25 33 162 


From the above data, show that the reaction is of first order. 
Solution. For the reaction under consideration, 


2.303 y, 
a 1 E 
faac en ot poc 


ogen measured at the end of the 


where Voo and Vr represent the volume of nitri 
reaction and at time t respectively. 


Substituting the various values in the above equation: 
1520.15 ye 2:03. tog. — 182...0,00322 


20 16210 
mo k= 23D tog -geg 000336 


30 
10 k= a log as = 0.00326 


"The constancy of k, clearly shows that the reaction is of first order. 


17.5, SECOND ORDER REACTIONS 


Fora second order reaction, the rate depends on two variable con- 
centration terms which may or may not be same. 
Case I. When the two reacting molecules are different with diffe- 
rent concentrations. 
Consider a bimolecular reaction of the type 
A+B — » Products 
It Ca and Cg are the concentrations of A and B respectively at any 
time t, then assuming that the reaction is of first order with respect 
to both A and B, the overall order is second and reaction rate is 
given by 
—dC,.. ~dCe 
dt dt 
where kz is the specific rate constant for a second order i 
z react: 
and becomes the rate of the reaction when both C4 and C» P 
unity. It depends onthe nature of the reactants and varies with 
temperature. Its units are conc! time-!. 


—kiCACg ++ 0713) 


— M 
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To get equation (17.13) into an integral form, both C4 and Cp are 
expressed in terms of a single variable. Let a mols/litre and b 
mols/litre arethe initial concentrations (t=0) of A and B respec- 
tively and x mol/litre is the amount of each that has. reacted at time 
t. Therefore, at time t, C4ex(a—x) and Cpex(b—x) and equation 
(17.13) becomes 


a =k2(a—x)(b—x) 
Separating the variables, 


[P eae 


CECAT -.. (17.14) 


Nowe 5) on the right of equation (17.14) is broken into 


partial fractions as shown below. 
1 pil le 
(a—x)(b—x) (a—x) (b—x) 
or A(b—x)4- B(a—x; —1 
If x=a, then 
1 
A(b—a)—1 or AES BET 
and when x—b, then 


toe ME 
B(a—b)=1 or B= Fk 


1 E 1 1 
LS (a—-x)(b—x) (b—a)y(a— x) MTS y cap 


pap) pie Eee ws | 
a—b|(b—x) (a—x) 
Therefore, equation (17.14) becomes 


1 1 1 
had p) [ws V az) le 


Integrating this expression in the limits that x=0 at t—0 and 
x-xatt-t 


t=t " 
Jhon da ud 


d i = "dy a i^ 
kat= = [ —into—x)+infa—x) + Ib — Ina ] 
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Enid à b(a—x). 
Sab” ab—x) 
2.303 b(a—x) 
or fep log a(b—x) ust GUM BY) 


Case II. When the concentrations of the reacting molecules are 
same i e., a—b or both the reacting molecules are same. 


Under these conditions, the. rate of the reaction at time t can be 
written as 


dx us —x)2 
ar OA) 


Separating the variables and integrating between the limits x=0 
at t=0 and x=x at t=t 


t es d 
i X 
| tdt [s 
0 0 
t ke 1 x 
a scs 
1 1 
n Steer 
1 x 
or Kam PRESS) sue (7:16) 


Equations (17.15) and 17.16) are the expressions for second order 
reactions. 


"Tests for a Second Order Reaction 
These are similar to those used for the first order reactions; 


4) Integration method. The values of the specific rate constant, 
ka, are calculated by substituting the amounts of reacting substances 
consumed after various intervals of time and those ofa and b or a 
in either equation (17.15; or (17.16) depending on the concentra- 
tions of the two reacting molecules. The various values of k, cal- 
culated for a series of time intervals will be same for a second order 
reaction. . 


(ii) Graphical method. Equation (17.15) can be written as: 


2.303 (a—x) 2.303 -b 
(a-b aeae a aap dag —- 
This is similar to an equation for a straight line. Therefore, for a 


second order reaction, the plot between HERE (ax). 


(a—5) log 5) versus 
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t should be a straight line with a 


slope kz and intercept t 
2.303 b x|* 
Mrz wars Lh 
G © Wan Slope = ky 
as shown in Fig. 17.3. 3 » x 
eal 
Similarly for reactions having E 
Same concentrations, equation 44^ 
(17.16) is rewritten as —— 
tí-——2 
1 1 Fig. 17.3. Linear plot for a 
uia TE second order reaction. 


1 E 
A plot of (a@—x) YOTSUs t Will be linear with a slope kz and inter- 


cept on the concentration axis 


will be L, 
| a 
e (iii) The fraction life 
Y Slope=k, method, This is used only for 
-| those reactions where the con- 


centrations of the two reacting 
molecules are same or the two 
Teacting molecules are similar. 
t— Thus using equation (17.16), 
half life period, tj; is given by 


@ |= 


Fig. 17.4. Linear plot for a ; a 
Second order reaction. Setting x= 79 
(+) 

1 Bhs 1 

fija o. 


k2 ETE k2a 
2 
, This shows that half life period for a second order reaction varies 
inversely as the initial concentration. 


. In general half life period for any reaction of nth order varies 
Inversely as (n—1) power of the initial concentration i.e., for the 
reaction, nA Products, 


1 


qi 


120 Or t1/2=constant X 


ami 
The magnitude of the constant depends on the order of a reaction. 
2.303 


For a first order reaction, n—] and constant is ER log2, for a 
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HT) $ 
second order reaction, n=2 and constant is Ez and for a third 


A 3 
order reaction, n—3 and constant is found to be ak 


Examples of second order reactions. There are many 
reactions in solution which are kinetically of second order. A typical 
example of these is the hydrolysis or saponification of an ester e.g., 
ethyl acetate with a strong base e.g., NaOH. The reaction [takes 
place as given below: 

CH3COOC;Bs--NaOH —CH3COONa 4- CCHsOH 
The reaction mixture is prepared by mixing a known amount of 


ethyl acetate with a known amount of NaOH. Let a and b be the: 


initial concentrations of ethyl acetate and NaOH respectively. The 
course of the reaction is followed by removing a definite quantity 
of the reacting mixture from time to time. and titrating with standard 
acid to know the concentration of NaOH left behind. As is clear 
from reaction, the concehtration of NaOH will decrease with 
increase in the reaction time. If x is the decrease in concentration 
of NaOH at any time ż, then (b—x) is the amount of unreacted 
NaOH at time t. Similarly (a—x) is the amount of unreacted ester 
at time f. The specific rate constant, k2, is then calculated from 
equation (17.15). 

The other examples of second order reactions are the reaction of 
alkyl halides with tertiary amines, the hydrolysis of amides and 
acetals, benzoin condensation.etc. - 

Problem 17.5. In the hydrolysis of ethyl acetate using equal concentrations 
of ester and NaOH, the following results were obtained: 

t(minutes) 0 5 15 25 35 

HC! (ml) 16.0 10.24 6.13 4.32 3.41 

_ Show that the reaction is of second order. - 
Solution. The equation for the second order reactions, using equivalent con- 
centrations of the reactants is > 
1 E 
Meme A a(a—x) 
Tn this case, aqu% T, (Volume of acid used at zero time) 
a—x« T; (Volume of acid used at time t) 


xcTq—T; 
The value of k, is calculated as given below: 
4216.0 
Time a-x x he X 
t 
1 5.76 E 
5 1024 5.66 erra -— 
T TS” q6xcio.24 7 9.00698 
15. 613 987 1 x. 957 0 9967 


15^ 16x6.13 
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1 11.68 

25 4.2 11.68 35% 16x4.32- 00069 
1 12.59 

35 341 12.59 35 X iex34i =0.0066 


Since the value of k, is constant, the reaction is of second order. 


Problem 17.6. The hydrolysis of ethyl nitrobenzoate by aqueous sodium 
hydroxide was followed, at 25°C, by titration of the hydroxide against stan- 
dard acid at different stages in the reaction. From the given data, show that 


the reaction is of second order. 
Time (seconds) 0 95 140 222 334 805 1364 
mlofacid used 10 9.3 9.0 8.5 7.9 6.1 4.8 
Solution. For the second order reaction 
1 "3 
hp X gig m 
In the present case a 10 
The value of k, is calculated as follows 


: 1 2 
Time a—x x k= rs amy) 
aitoi 2 
95 93 0.7 35" qoxga- 7 92x10 
140 — 90 1.0 Jy T0 293x107? 
E : i40 10x93 7° 
TAPIA 
2 ae —— = li 
2» $85 L5 zi ous 57 794X10 : 
34 .. 79 24 fy 21 2295x102 
33 10x797" 
$0 — 6i 3.9 x39 g05x10-* 
à 805 10x617% 
064 — 48 52 lx. 923. 2293x107 
: 1364 i0x4.8 ~ 


The constancy of k, shows that the reaction is of second order. 
Problem 17.7. It has been determined experimentally that the sequence of 
steps for a chemical reaction are as follows: 
A+B >C (slow) 
C+B =D (fast) 
What is the rate equation and overall chemical equation? 
Solution. The overall chemical equation will be obtained by adding the above 
equations j.e. 
A+B >C (slow) 
C+B >D (fast) 


4+2B>D 


ean the rate of a reaction is controlled by the slow step, the rate equation 
3 ^ 


rateeK[A] [B]. 
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17.6. REACTIONS OF THE THIRD ORDER 


A termolecular reaction is said to be of third order when the rate 
depends on three variable concentration terms. Consider the most 
general form of a termolecular reaction in which three different 
molecules are reacting such as : 
A-r B-- C- Products. 
The rate of the reaction at cach instant is given by 
—dC4 md Lo —dCc 
dt dt dt 
—k3C4CaCc 2 (07.17) 

Ii a, b and c are the initial concentrations 4, B and C respectively 
and x is the decrease in concentration of each at any time f, then 
the rate equation reduces to 


ca =k3(a—x)(b—x)(c—x) ».. (17.18) 


For the special case when a=b=c or for a Teaction in which all 
the three reacting molecules are same ie., 
34—>Products, 
the rate equation becomes 


Ls =kxa—x)3 2 (17.19) 


On separating the variables and integrating between the limits 
x=0 at £—0 and x=x at any time f, : 
Li x 


CAS 
0 


0 
me], E aaah 
: 1 


1 
5 t= aaah Da 
This can also be written as 
ai tid 1 psit d 
k=, = = ] -«. (17.20) 


Equation (17.20) can be tested by the same methods as explained 
for first and second order reactions i.e., integration method, the 
graphical method and fractional life method. x 

From equation (17.20), half life period is given by equation: 


EAE] 
DEST IFTE 
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which is in accordance with the general definition of half life 
period. P 
Examples of third order reaction. There are very few (only 
five) examples of third order reactions in the gaseous phase and each 
example involves two molecules of nitric oxide as one of the reac- 
tants and the other reactant is a molecule of either chlorine, bromine, 
oxygen, hydrogen or ceuterium The general reaction is 
2NO 4- X Products 
where X can be either Cl», Br), O2, H or Do. 
The reaction with O2, Br? and H» are as: 
2NO--0;2NO5 
2NO--Br;—2NOBr 
2NO--Ho—N22--H20 
The rate equation for these types of reactions is 


dx c Mr eA f 
a oa 2x)?(¢ —x) 


where a and c are the initial concentrations of NO and Y respectively 


and x is the decrease in the concentration of each at.any time f. 


Integration of this equation in the limits when t=0, x=0 and 
when t—t, x=x, gives the following results: 


AE 1 2x(2b—a) b(a—2x) 
= (Opa | aaa + abe 


Some examples of third order reaction in solutions are the 
interaction of stannous chloride and ferric chloride, oxidation of 
ferrous sulphate in water, the reaction between benzoyl chloride 
and alcohol in ether solution, reaction of triphenyl methyl (trity]) 
chloride with methanol in dry benzene etc. 

Problem 17.8. The reduction of ferric chloride by stannous chloride was 
studied by No;er. The reaction was followed by taking equivalent amounts 
(concentration —0.0625) of the rectants in a flask kept in a thermostat, and 
withdrawing quantities from time to time, the time being noted. These were 
Tun into mercuric chloride to remove excess of stannous chloride and then the 
ferrous iron was determined by titrating against standard potassium dichromate 


Solution. The results obtained are given below: z 


t (minutes) 1 3 7 40 
m 0.01434 0.02664 0.03612 0.05058 
~ Show that the reaction is of third order, 
Solution. The reaction is written as 
2FeCl, + SnCl,— »2FeCl, +SnCly 


The third order rate expression when all the reactants are taken in equivalent 
amounts is given by : 


x ettet e 
í h-x( (a-xy @ ) 
For the reaction, a=0.06250 


490 - A TEXTBOOK OF PHYSICAL CHEMISTRY 


The value of k, is calculated as given below: 


à ily Gad A 
dr La x a—x x( (a—x a 
1 0.01434 0.04816 zal VII eee au )- 87 
: : 2x1\ 0.0816 — (0.0625) 


SUD 1 1 12d NH 
B= 5002664,,1,,.0,08586., 5c (oo -006257 ys 
1 1 1 
BN 002012 ^4 002630 Laxey (onay 7 0.06257 j=% 


: 1 1 1 y 
40 0.05058 Os aD (ois = 0065 ) =85 
A fairly constant value of ky shows that the reaction is of third order. 


‘17.7, ZERO ORDER REACTIONS 


“Zero order reactions are those reactions in which the concentrations 
of the reactants remain constant during the course of the reaction 
and, therefore, the rate is independent of the concentrations of such 
reacting molecules.” 


There are number of examples of zero order reactions. Some 
quite familiar examples are: reaction between H2(g) and Clo(g) in 
the presence of sunlight; the decomposition of hydrogen iodide and 
ammonia at the surface of gold and molybdenum respectively, etc. 
(Au and Mo act as catalysts). 


In order to understand zero order reactions, consider the decom- 
position of HI on the surface of gold. The reaction is 
2HI(g) > Hax()--LX(g) 


At very high pressures, the surface of gold, at which reaction 
occurs, will be fully covered by reacting molecules due to adsorp- 
tion. At this stage, further increase of concentration of HI(g) will 
have no effect as there is no bare space available for absorption on 
the surface. Therefore, the rate of the reaction will become cons- 
tant and the reaction will be of zero order. 


Thus the rate of disappearance of H[(g) is written as 


—dCu 0, 
iar jars =koC ur 
where Ko is the specific rate constant for zero order reaction. 


Zero order reactions are also encountered when the concentration 
of reactant is so large that it practically remains constant durin g the 
course of the reaction. 

If x is the amount of the product, then for a zero order reaction, 


dx 


et 
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Integrating between the limits that when t=0, x—0 and at time t, 
xex, . 
x4 kot 
i.e.,for a zero order reaction, concentration of product increases 
with increase of reaction time. 


17.8. EFFECT OF TEMPERATURE ON REACTION VELO- 
CITY 


The temperature has got a significant effect on the rate of the reac- 
tion. It has béen observed experimentally that increase in tempera- 
ture leads to a remarkable increase in the rate of a chemical reac- 
tion and hence in rate constants. Variation of rate or rate constant 
of a reaction with temperature belongs to any one of the five forms 
shown in Fig. 17.5. 


Type I curve is obtained for most of the reactions. Type II 
curve is obtained for explosions. In this curve, a sudden rise in the 
rate of the reactión is shown. This happens at the ignition tempera- 
ture. Type III of curve is obtained in catalytic hydrogenations and 
in enzyme reactions. Curve IV is obtained when carbon is oxidised. 
Curve V is obtained only for the reaction 2NO+0O2—-> 2NO». 
This is the only reaction which exhibits a negative temperature co- 
efficient. 


rel 
l Ww vida 
ERU E ird 


Temp. —- Temp. —2- 


Fig. 17.5. Various forms of the curves showing variation of 
rate with temperature. 


Type I corresponds to the curves as given by Arrhenius when he 
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studied the variation of rate constant with temperature. Hence this 
is known as Arrhenius Temperatyre dependence while types II to V 
are referred to as anti-Arrhenius curves. 


For homogeneous reactions, an important generalisation is that 
rate is doubled or trebled for every 10°C rise of temperature (Type 
Tis in agreement with this statement). The first empirical equation 
to show the variation of rate constant (k) of a reaction with tempe- 
rature (T) was suggested by Hood. His equation is 


log kA. ..- (17:21) 


where 4’ and B are positive empirical constants and 7 is absolute 
temperature. The verification of this equation lies in the fact that a 


plot of log k versus * is nearly a straight line with negative slope 
for most of the reactions. 


This equation was theoretically justified by Van't Hoff in 1884. 
His arguments were based on the variation of equilibrium constants 
with temperature. Arrhenius extended his ideas and suggested a 
similar equation to. show the variation of rate constant with tem- 
perature in the year 1889. The Arrhenius equation is, 


dink E, 
TW Rm etu 7522) 


In this equation, k is the rate constant, T thè absolute tempera- 
ture, R the gas constant in calories and E, is known as Energy of 
activation for the reaction. If E, is a constant with respect to tem- 
perature, integration of equation (17.22) gives the result 


E, 
z Ink—— P +constant ao (1723) 
The constant in equation (17.23) is found to bè log 4. Therefore, 
eor 


the exponential form of equation (17.23) is k= Ae RT . The cons- 
tant 4 and F4 are related to A’ and B in equation (17.21) The 
factor A is known as the frequency factor (The significance of 4 and 
E, will be discussed later). A. plot of k versus E, according to this 
exponential is similar to type I curve. 
Rewriting equation (17.23) as 


Ep 
log k= 2308AT Flog A «+ « (17.24) 
This equation is identical with the empirical equation (17.21). 


According to this equation, a plot of log k versus 4 should be a 
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straight line with a slope 


Fig. 17.6. Knowing the slope, 
the value of constant E, which 
is characteristic of the reaction 
can be calculated e.g., for the 
decomposition of N20s, the 
slope is —5400. Hence E, is 
given by 

E= —(— 5400)(2.303)(1.987) 

—24,700 cals/mol. 


E, can also be determined if 
thespecific rate constants are 
known at two different tem- 
peratures. If kı is the specific 
rate constant at temperature 7; 
and k2 at another temperature 
T», then from equation (17.24) 


log f= 303R 


ES 
2.303 R 


logk —— 


kz Ea ( 
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and intercept log A as shown in 


—————— 


dx 10? 


Fig. 17.6. Variation of log k with: 1/T 
for the decomposition of N3O;. 


T;—7Ti ! 
adi : + «+ (17.25) 


It is evident from this equation that if the specific rate constants 
at two different temperatures are known, E can be readily evaluated 


or when E, 


and specific rate constant at one temperature are 


known, then specific rate constant at any other temperature can be 


calculated. 


Problem 17.9. Benzene diazonium chloride decomposes in the presence of 
water according to first order kinetics. If the velocity constant at 25°Cis 
2.8X107? min-!, and the activation energy is 11.9 kcal mol-! find the velocity. 


constant at 35°C, 
Solution, We know that 


Ton 5 = THR ( ae ) 
Here Ea=11.9, R=1.987 

: ky =2.8X10-, 7,7273425—298 K 
ka=? Ta=2713+35=308 K 

Therefore, 5 

TU CET MERI TES ( 308—298 

2:8x 1075 ~ 2,303x 1.987 \ 308x298 

or K,—5.37X10-? mint. 


Problem 17.10. Trichloroacetic acid in aniline solvent (acting as catalyst) 
decomposes to give chloroform and carbon dioxide. The rate constant for thi $ 


first order reaction is 4.0x 10-5 


min-* at 25°C and 8.0X10-* min-! at 45°C, 


Calculate the energy of activation for this reaction. 


Solution, Since 


Ea 


ks 
log - = 3303R 


7,-T, ) 
TT, 
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"tere k,=4.0X1075, T,=273+25=298K 
k,=8.0X10-*, T,=273+45=318K 
Sg ev ANR t R=1,987 
Therefore T 
(ke $.0x107t277 Ea ( 318—298 
; 4.0x10-* ~ 2.303X1.987 V 318X298 
or Ea 27.6 kcal mol-!. 


17.9. ENERGY OF ACTIVATION 


Appearance of E, factor in the Arrhenius equation leads to the fact 
that before reaction occurs, molecules must be activated, i.e., they 
possess energy in excess of a certain amount. These activated mole- 
cules will then collide and lead to the reaction. Collisions between 
molecules which are not activated, will be of no use and no reaction 
will take place. The minimum energy which the molecules must 
absorb before the reaction can take place is known as the ‘energy 
of activation’. 


It follows from the concept of 
Activated state activation that reactants are not 
directly converted into products. 
The molecules first acquire 
energy to form an activated 
complex and then this activated 
complex decomposes into pro- 


B ducts at a definite rate as given 
= ` below: 

ul " " . 

Bear A E(Reaction) Reactants = Activated State 

——>Products 

Products Z In other words, there exists an 

T energy barrier between the reac- 

Reaction path tants and products. If the reac- 

Fig. 17.7. Energy of activation. tant molecules: can cross this 


energy barrier, they wiil be cc n 
verted into products. This can readily be understood by the energy 
diagram as shown in Fig. 17.7 in which the energy of the reactant 
molecules is plotted versus Reaction coordinate (rate of reaction), 


It is clear from this figure that energy equal to E, must be 
. absorbed by the reactants, Y, to reach the activated state, Y. Ea, is 
thus the energy of activation of the process X>Z and is equal to 


the difference in energy possessed by the molecules in the activated 
state and average energy of the reactants, i.e., Ea, = Ey— Es. Ey, is 
the energy released when the activated complex decomposes into 
products or this can also be taken as the energy of activation of the 
reverse process ZX and is given by E, —E,—E;. 
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Therefore, the difference. in energy, AE, of the reaction is given 
by 
A E(reaction) - E a, — Ej, 
=E,—E,—Ey+ E: 
=E,—E, -« + (17.26) 
This difference is also the heat of reaction at constant volume 


(from Thermodynamics). This means that activation energy Ea, 
must be added to the molecules of the reactants in order to bring 
them in the activated state and the energy E, is given out when 
molecules in the activated state go to products. If Ej, > Eq, then 
AE (reaction) is a +ve quantity and the reaction is endothermic. If 
Ea, € Ea, AE (reaction) is —ve and the reaction is exothermic. 
Thus the concept of energy of activation finds support from 
Thermodynamics, 

According to the arguments given above, the reaction H2+-h=2HI 
takes place as follows: 


1: MEE H 
Beano ole : = 2HI 
Reactants TST I Products 
Activated 
complex 


17.10, COLLISION THEORY OF REACTION RATES 


In the Collision Theory, as is obvious from the name, a reaction 
takes place only if the molecules of the reactants collide. Lf collision 
is a necessary cause for the reaction to occur, then the rate of the 
reaction should be equal to the number of collisions per unit time 
between reactant molecules. But actually this is not the case. The 
number of collisions is found to be much large. This discrepancy 
can be explained in terms of ‘‘energy of activation" as already 
discussed. Thus only those collisions will lead to a reaction in which 
molecules possess energy in excess of the normal value so that at 
the moment of impact, the rearrangement of atoms can occur with | 
a minimum expenditure of energy and time. All other collisions will 
lead to no reaction. Hence, the velocity of the reaction is given by 
the number of molecules colliding/c.c./sec and the fraction of these 
that possess sufficient energy of activation. 


Consider a bimol:cular reaction 
A+ B —- Products 


According t» Collision Theory, the ret: (k) of this reaction is 
given by 


i k=Zq oe» (17.27) 
where Z is the number of collisions per second between molecules 
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and q the fraction of the molecules which are activated. 


If the reaction is gaseous, the values of Z and q can be determin- 
ed with the aid of the Kinetic Theory cf gases. 


According to this theory, the number Of collisions per c.c. per 
sec. between like molecules of a gas as for the reaction, 2HI>H+ In, 
is given by 


Zn=3V2.2.02.v(n')2 ee a( 17.28) 
where c is the collision diameter of the molecules, v is the average 
velocity of the molecules in cm/sec and n' is the number of mole- 
cules per c.c. The value of v is given by 


ym, | SRT 
zM 
Substituting this value in equation (17.28), we have 


CM 3 8RT ha 
Zn= Podi Hi zM (nl) 


=202%(n")2 al AT «++ (17.29) 


When the two molecules are unlike, as for the reaction, H2+I>->2HI 
then Z—Z: and is gBivenby .. 


Zn=n'n (on) p EL s+» (17,30) 


oc O; : se ` 
. Where an=( E 2 ) is the mean collision diameter of the mole- 


cules, pe Ge is the reduced mass (Mi and M5 are the mole- 


cular weights of the two different molecules) and ny’ and m’ are the 
number of rolecules of each type rer c.c. at temperature T. 


The fraction. of the molecules, q, having the necessary energy of 
activation is given by 


M cue 
aes RT 
name +... (17.31) 


(Boltzmann equation for Maxwell dis- 

tribution law of molecular velocities) 
where n‘* is the number of activated molecules” 
E, out of total number êf molecules’ 5'/c;c. 
ture T. 


(The-only type of energy possessed by the molecules is assumed 
to be translational energy of motion), ! : 


Possessing an energy 
ofa gas at tempera- 
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Therefore, expression 17.27 for the rate constant becomes 
— fa : 
k=Z.e RT » +. (17,32) 

where Zis given by equation (17.29) for like molecules or by equa- 
tion (17.30) for unlike molecules. 

This theoretical equation can be tested by comparing the calcula- 
ted value of k with the experimental value for a number of reac- 
tions. 


Consider the reaction 2HI(g)Ho(g)-- I(g) at 556K, The quantity 
of the HI gas is 1 mole per litre. 


The energy of activation (E;) for this reaction at 556K is found 
to be 44,000 calories. For HI, o=3.5Xx10 cm., M=127.9 and 
since 1 mole of a gas contains 6.023 x 102 molecules/litre, therefore, 
the number of molecules/cc. is 6.023 x 1029, 


Substituting these values in equation (17.29) and solving, the 
result is 
Z11=3.0 x 1031 


Since Zi is the number of collision/cc./sec. and two molecules 
are involved fora collision, therefore, the number of molecules 
colliding/cc./sec is double of this value i.e., 6.0 x 103! molecules. 

Again, q for HI is given by 

q=eEalRT 
—44,000 
=e 1987x556 
—5.2x 10-18 
Hence, k=Z.q 
=6.0 x 103! x 5.2 x 10-18 
=3.1 x 101^ molecules reacting/cc./sec, 

If this value is multiplied by 1000 and divided by Avogadro num- 
ber, we get the number of moles reacting per litre, 

Therefore, 

g= 3-110! x 1000 
6.023 x 1023 


—5.2x 1077 moles/litre/sec. 


The experimental values of for this reaction is found to be 
3.5X 1077 mols/litre/sec. 


Agreement between the two values is fairly good. Although col- 
lision theory inthe case of dissociation of hydrogen iodide and 
many other bimolecular reactions has been remarkably successful 
but for many reactions, both in gas phase and in solution, the cal- 
culated and observed values differ considerably. For example, for 
the reaction in which two molecules. of ethylene combine, the dis- 
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crepancy isa factorof about 2,000 while in the reaction between 
carbonyl sulphide and water vapor at about 300°C and many other 
reactions, the results calculated from collision theory are too high 
by factors ranging from 105 up to 109. 


These discrepancies are due to the fact that the rate of reaction 
was calculated on the assumption that the molecules of the reactants 
behave as rigid spheres and activation energy is translational in 
nature. Although forsimple molecules such as hydrogen iodide, 
thydrogen, and iodine, this assumption is fairly correct and good 
results are obtained but for more complex molecules, the approxi- 
mation of rigid spheres is not valid and thus there is no reason to 
ignore energy contributions from rotational and vibrational motion 
which are in addition to the translation moticn. If rotational and 
vibrational energies are also taken into consideration, the calculated 
results obtained are slightly better. 


Thus, theoretical equation (17.32) is modified as 


ke PZe- AT c (07.328) 
where P is, called the probability factor or steric factor. The factor 
P is a measure of discrepancy between simple collision theory and 
the experimental results and may have values in the range of unity 
(when reactions obey the collision theory)to about 10-7? for slow 
reactions. It was also suggested that for slow reactions, collisions 
„between those activated molecules of the reactants will result in re- 
action which have preferred critical orientation. Thus P is also a 
measure ofthe geometrical requirements that must be met when 
activated colliding molecules are to interact. Due to these factors, 
the value of probability factor may become aslow as 10-—10-* 
‘but it is doubtful whether these factors can explain the value of P 
lower than 10-4. 

Weaknesses of the Collision Theory. In recent years, some 
drawbacks of the Collision Theory have become apparent. The two 
main drawbacks are: 


(i) Calculated value of P from the structures and properties of 
the reacting molecules is not in complete agreement. 


(ii) Abnormally high values ofthe rate constants that are some- 
times observed cannot be properly explained onthe basis of the 
arguments given above. 


1711. THE TRANSITION-STATE THEORY OF REACTION 
RATES 


‘This theory, which is also known as the Theory of Absolute Reac- 
ition Rates, attempts to explain rates on the basis of Thermodyna- 
mics and was developed by Eyring. According to this theory, mole- 
‘cules of the reactants before undergoing reaction must form an 
activated complex which is in thermodynamic equilibrium with the 


ihe. d 
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molecules of the reactants. The activated complex, the energy of 
which is higher than both reactants and products, is treated as a 
molecule and does not differ from ordinary molecules, except in 
one respect—it has transient existence and decomposes at a definite 
rate to form the products of the reaction. The rate of the reaction 
depends on two factors—(i) the concentration of the activated com- 
plex, and (ii) the rate at which the activated complex dissociates 


into products. 
Thus, according to this theory, a reaction proceeds as follows: 
Reactants = Activated State > Products 


Consider a simple bimolecular reaction between the molecules A 
and B. This reaction is represented as follows: 


k 


: , 

A+B = [4.B]*  —-—- Products (the double dagger 

Reactions Activated symbol 1 is used 
comp:ex to denote activated 


state) 


Onthe basis of these ideas, Eyring derived an equation for the. 
specific rate (k) of any reoction, namely 


+ 
M es . . - (17.33) 
where R is the gas constant in ergs mole-! deg-!, T is the absolute 


temperature, N is the Avogadro’s Number, 7 is the Planck’s constant 


xi t 
(1—6.625 x 10-27 erg-sec.) and K* is the equilibrium constant of: 
the equilibrium between the activated complex and the reactants. 


. + Hn B 
From thermodynamics, the constant K* can be interpreted in 
* 
terms of the free energy of activation AG* , the enthalpy of acti- 
E - 
vation A H™ and the entropy of activation AS" as follows: 


+ + + 

AG,* AH* and Ast represent the difference between the 

values of the respective thermodynamic functions for the activated 

complex and the Teactants, all substances. being intheir standard 
States, i.e., activity=1). 


ee ] + : t 
Writing the expression for K* in terms of. AG* , we have - 


AG* =-RT hK? (since AG——RT In K) 


2s (17.34) 


+ 
+ + 

or t= AG 
d In K RT 


iy i 
For the reaction at a temperature 7, AG* can be written in terms 
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of AH* and AS* by the equation 


AG? —AH* —TAS* 11.07.35) 
Cubstituting this value in. equation (17.34) 
+ + 
ti | AH* —TAS* : 
In K | aR 0. (17:368) 
+ 
Toe HAHI TASE 
oF : K^ —e RT 
: * + 
AS* —AH* 
LAR aN RT 229: 07,37). 


x 
Substituting this value of K* in equation (17.33), we get 


Act 
RES GRE: 
kote a < (17.38) 
st t 
A _ AH 
TLR 
or ka Zt eir m RT (17.39) 


` Since the activated complex has got transient existence only, 
therefore, itis not possible to determine its thermodynamic pro- 


+ + 
perties AG* , AS* and AH” by direct measurement. However, 
some useful information can be obtained from equations (17.38) 


and (17.39). Since the factor, 27, in equations (17.38) and 


(17.39) isa universal constant for a given temperature and has no 
reference either to the reactants or the activated state, therefore, from 
equation (17.38), the specific rate of the reaction at a constant tem- 


S + 
perature depends on AG* , the free energy of activation. The 


` higher the value of AG , the slower the reaction rate at a constant 
temperature. This is a conclusion of outstanding significance. 
If equation (17.39) is compared with the Arrhenius equation, 
a * n 


k=Ae n ,wesee that the frequency factor A is equal to 


AST 
RT R Fade r 
Wh. e Tu and AH* is equivalent to the energy of activation, 
Ea. ` 


Sai ec. 
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+ Sh a 
Thus, A can be evaluated in terms of AS” and AH* can be 
calculated in terms E, 


For reactions involving solids and liquids, 


„= AH? L1. (07.40) 
C AH? =E + APV) 
For solids and liquids 


3 
A(PV)* is negligibly small). 
For reactions involving gases, a change in the number of moles, 

+ 
An* , takes place when reactants from the activated complex and 


AH? =E + An E .RT ++ (17.41) 


For bimolecular reactions e.g., 


Hatbe i i >2HI 


A single complex 
moleucle 


2j 
An* ——1, 


AH* =E,—RT and so on. 

On comparing equation (17.39) with equation (17.322) of the 
collision theory, we see that the probability factor can be interpreted 
in terms of entropy of activation, i.e., j 
AS* 

RT wes (17.42) 


RT 
Wh’ e 
Z, the number of collisions, is readily calculated and knowing the | 
value of P, AS* can be calculated. 
Though for complex molecules, the collision theory fails, the 


PZ= 


` theory of Absolute Reaction Rate is still successful. This is due to 


* 

the presence of AS* factor in the theory of Absolute Reaction 
: + 

Rate. It has been found that the value of AS* - is- negative. The 


t 
negative value of AS* indicates that the formation of activated 
complex (which is more ordered than the molecules of the reactants) 
from the reactants is accompanied by a large decrease of entropy. 
Larger the complexity of the reacting molecules, greater will be the 
decrease in-the value of entropy. This results in the smaller values 
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+ 
RUNS 
: R T RT. ; 
of the quantity e and since NES the same for all reactions, 


' therefore, PZ value would be much less than the interpreted value. 


1712. THE COLLISION THEORY OF UNIMOLECULAR 
REACTIONS 


The Collision Theory and the Transition State Theory, as discussed 
above, give a fairly satisfactory account only for bimolecular reac- 
tions. Both the theories stress that before a reaction takes place, 
collisions between molecules of the reactants must occur so that the 
reactant molecules can attain enough energy to react. It may lead to 
the conclusion that all gaseous reactions are of second order. How- 
ever, a number of gaseous reactions were kinetically found to be of 
first order e.g , gaseous decomposition of N20s. 


N,0s(g)— —N;O«(g)-- Ox(g) 


When Collision Theory is applied to such reactions and other 
unimolecular reactions where only one molecule participates, the 
question that puzzles is “how do reactant molecules attain necessary 
energy of activation?" In case the molecules attain the necessary 
energy by collisions with other molecules, the collision rate will 
depend on the square of the concentration. This will make the 
reaction second order whereas it follows first order kinetics. 


To explain this, Lindemann in 1922 proposed a mechanism by 
which reactant molecules could be activated by collisions and yet 
the reaction be of first order. 


Consider a unimolecular reaction 
A—-— Products 


The molecule 4 decomposes into the products with a first order 
rate law 
N 


—dCa 
dt 


. In the reaction vessel containing "molecules of A, the molecules. 
are continually colliding with each other. As a result of these 
collisions, some of the molecules are activated i.e., they attain 
.energy higher than the average energy. It should be noted that the 
activated molecule in this case is a single reactant molecule and 
there is no activated complex which is made of two or more mole- 
cules. Lindemann assumed. that there isa time lag between activa- 
tion by collision and reaction i.e., the activated molecule does not 
immediately decompose but moves around inthe activated form 
for a short time. During this existence, the activated molecule can 
follow either of the two paths: (i) It may be. deactivated by collision 


=kiCa 
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with energy poor molecule. This will lead to the formation. of 
the normal reactant molecules, and (ii) it may decompose into 
products. 


The whole idea can be represented by the mechanism as follows: - 


ky 
A+A=2A+A* «e. (017.43) 

2 

ks 
A*—->Products .. (17.44) 


where A represents a normal molecule and A* an activated mole- 
cule. kı, ka and ks are the rate constants for the activation, deacti- 
vation and decomposition process respectively. Activation and 
deactivation processes are bimolecular reactions and decomposition 
process is a true unimolecular reaction. r 


The rate of disappearance of A into products is given by the last 
reaction and is expressed as 


—dC, 
—R a kBCA . 0745) 


2 3 S 7 * 
To determine the concentration of activated molecules i.e., CA 


in terms of concentration of normal molecules, we make use ofa 

postulate known as Steady-state approximation. According to 

this, itis assumed that once the reaction starts, a steady stage is 

reached in which the concentration of the activated molecules 

becomes verv small and does not change much with time. Thus, 
according to Steady-state approximation. 

dcx 

dt 

A IEN, 3 d 2 : 

Since A* is formed in the first reaction with a rate kiC, and is 


removed in the first reaction (reverse) with a rate k2CACA and in 
the second reaction with a rate k3CX , we have 


20 .. (17.46) 


dCk . 
Gh 0= kT kaCaCR —kCa (17.4) 
or kich =haCa CR + ISCR 
Solving for CX 
AA 
C — Le 21.07.48) 


This equation expresses CZ in terms of C4, the concentration 
of the normal molecules. 


Substituting this value of C4* into equation (17.45), we get 
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—dC4  kiaCa? 

dt = k2Ca+ks 
Equation (17.49) has two limiting forms: 
Case I. When the rate of decomposition of 4* is much faster 
than its rate of deactivation i e. ksC4*>>koCaCa* or k> >k2Ca. 


Under this condition, k2C4 in the denominator can be neglected in 
comparison to k3 and hence equation (17.49) reduces to 


—dCa.. kik3C a2 

dt ks 

=k;C4? 
This is an expression for second order. Thus, when the concen- 
tration (pressure) of A is very low, the reaction becomes a second 
order process. This corresponds to the situation that when Ca is 
very low, active molecules will have little chance of collision, will 
stay longer and chances of decomposition into products is much 

more. 


Case II. When the rate of deactivation of A* is much greater 
than its rate of decomposition, k2xCa>>k3 and equation (17.49) 
becomes 


. . « (17.49) 


... (17.50) 


—dC4 _ kiks 
dt k2Ca 


Kika 
=i 


This is an expression for the first order reaction. Thus, when the 
concentration (pressure) of A is very high, the reaction becomes a 
first order process. This corresponds to the situation that when C4 
is high, the activated molecules will have greater chances of coilid- 
ing with inactive molecules and thus become deactivated -than of 
decomposition to give products i.e., a very small fraction of the 
activated molecules will decompose to yield products. 


Thus it is evident that in gaseous reactions, the second order 
kinetics changes to first order kinetics when pressure is increased. 
This change, has been observed in many unimolecular gaseous 

. decomposition reactions. 


The Lindeman Theory of Unimolecular reactions has been found 
to be very successful and can satisfactorily explain many experi- 
ment. ' 


+ Ca? =k Ca Free @ 2) 0} 


where k'i 


17.13. KINETIC THEORY OF TERMO » 
INE MOLECULAR REAC 


If collision theory is applied to termolecular reactions, it is observed 
thatthe rate constant calculated on the basis of. triple collisions is 


much larger than the experimental value, In order to account for 
LJ 


) 
j 
Í 
] 


1 
| 
| 
| 
| 
| 
| 
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the mechanism of third order reactions, Trautz in 1916 suggested 
that true ternary collisions between molecules are very rare (roughly 
one triple collision for every 10,000 ordinary collisions). He . 
regarded the termolecular reactions as taking place in two stages. 
For example, the interaction between NO and X? where X; may’ be 
Clo, Br?, O2 or H2, namely 


2NO+-X2>2NOX 
may be regarded as being taking place in the following two stages: 


() NO +X, = NOX: 
(ii) NOX2+NO-2NOX 
Ks 


According to this scheme, an equilibrium is set up in (7) for which 
the constant is 


y. [NOX] 
— [NO] [X;] p 
Then [NOX;]— K[NO] [Xo] 5:45 (17152). 


The overall rate of reaction is determined from step (ii) which is 
the slower reaction. The rate of this reaction is 


AINOX] _ | tNOX4] [NO] Jeanie) 
Substituting equation (17.52) into equation (17.53), we get 
ANOX) k, K[NOPD%] , < (07.54) 


which is a third order reaction with constant ks=k2 K. 


The equilibrium assumption in step (i) also explains why the 
rate of termolecular reaction decreases with increase in temperature. 
Increase in temperature tends to dissociate NOX2 with the result 
that the concentration of Xa is lowered, and thus the rate of the 
Teaction is reduced. 


17.14. COMPLEX REACTIONS 


There are many reactions both in nature and in the laboratory 
which do not take place strictly according to the equation derived. 
These reactions involve two or more side reactions in addition to 
the actual reactions and thus the kinetics of such reactions is com- 
plicated. The various complications are due to the following factors: 

(i) Reversible or Opposing Reactions: j 

(ii) Consecutive Reactions; and j 

(iii) Side Reactions or Parallel Reactions. 


(i) Reversible or opposing reactions. So far it has been 
assumed that a reaction takes place in the forward direction and , 
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does not reverse. But, it has been found that majority of the reac- 
tions are reversible and forward and reverse reactions take place 
simultaneously e.g., oxidation of nitric oxide to nitrogen dioxide, 
hydrolysis of ethyl acetate in aqueous solutions etc. These reactions 
take place as: 


ki (ky is the rate constant for the forward 
2NO--0;22NO» reaction and ka is the rate constant 
2 for the backward reaction) 


ki 
CH3COOC?Hs 4+H20=CH3HOOC+C2Hs0H 
k2 1 


(The symbol=ndicates that the reaction is reversible) 


Consider a simplest case of this type in which both forward and 
reverse reactions are of first order: 


A=B 2 01155) 


kı and k-ı are the first order rate constants for the forward and 
reverse reactions respectively. Initially at t=0, let ‘a’ be the con- 
centration of A and there will beno B. After time t, if x is the 
amount of A transformed into 8, the concentrations of 4 and B will 
be (a—x) and x respectively. 


Therefore, the rate of the reaction will become 
`> dx 
Wu (a—x)—k-x ... (017.56) 


where ky (a—x) is the actual rate for the forward reaction and 
k_4x is the rate for the reverse reaction. 


At equilibrium, the two rates are equal. If x, is the amount of 
the product formed at equilibrium, then 


ki (a—Xe)=k-1%e 


_ ki(a—xe) a 
or Kurier EMT : £2 (17.57) 
Substituting this value of k-ı in equation (17.56), 
dx zu 
Saks (a—2)— Ae) 
v= kya(x— x?) 
PECES ... (17.58) 


Integrating this equation ia the limits that at 
n À ae 
time t, x=x, we get 0, x=0 and at 


tesa „e. (17.59) 
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Therefore, if x, is known, the specific rate constant for the for- 
ward reaction can be calculated. 


Similarly, expressions for second order opposing reactions can 
also be obtained. 


(ii) Consecutive reactions These are those reactions in which 
the product of one reaction becomes the reactant for the other 
reaction e.g., 


In this reaction, A is the original reactant and gives the product 
B at the rate constant kı. This product formed further reacts to 
give the substance C at some other rate constant k2. The kinetics of 
sucha reaction is determined by the slowest step. In the above 
reaction, if first reaction is faster than the second reaction, the 
kinetics will be determined by the second reaction. In general, it 
can be stated that ifa reaction takes place in series, then the 
slowest reaction will be the rate-determining reaction. 


Let a be the initial concentration of A, x the amount of it 
decomposed after time t and y the amount of C formed at the same 


time. Thus at time t, we have 


concentration of A, C4 =a—x À .. + (17.60) 
concentration of C, Cc =y 2. (17.61) 
and concentration of B, Cg—x—y 2. (17.62) 


(Because the total amount of B 
formed is x and y of it decom- 
poses to form C) 
Therefore, rate of disappearance of A is given by 
dx 


X —ki(a— x) 2. (07.63) 


and that of B is given by D Lig») ... (17.64) 
(This is also the. rate of for- 
mation of C) 


To show the variation of concentrations of A, B and C with time, 
equation (17.63) is integrated in the limits that x—a when t=0 and 
x=x at time t. This gives 

C4—(a—x)—ae- t z. . (17.65). 

Substituting the value of x from equation (17.65) into equation 

(17.64) and then integrating the latter equation we get, 
peas tits! Kn M cpu RE 
Ca=(x—y)=a SA (e eat) a (17.66) 


Knowing C4 and Cz at time t, Cc can be found. 
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Jts value comes out to be 
a £z ata 
Cul. (ka—ka. e7 t) — (ki—kie hat) ] ... (17.67) 
The general manner: in 


T | "which C4, Cs and Cc vary 
with time t is shown by the 


curves in Fig. 17.8. 


It is clear from the various 
curves that concentration of 
A decreases and that of C 
increases continuously while 
the concentration of B passes 
through a maximum and 
then begins to decrease with 
time. 


€oncentration —+ 
) uA 


» d 
x 
e 


Examples 
1. Pyrolysis of acetone 
This takes place in two 

: steps: 

(a) CH3COCH; —-> CH2=CO+CHsg ; and 

(b) CH;=CO ——> 4C2Hs+CO 

2. Decomposition of sodium hypochlorite in alkaline solutions 

(a) 2NaClO —-» NaCl+NaClOz ; and 

(b) NaClO2+NaClO —-> NaCI--NaClO; 


(iii) Side reactions. These are those reactions in which the reac- 
tant gives the products in more than one way. The reaction which 
‘gives the maximum quantity of the product 
js called the main reaction and the others 


Time (t) —> 


Fig. 17.8. Concentration versus time 
in consecutive reactions. 


yielding poor amount of the products are is Ed B 

«called the side reactions. Side reactions are Ne ki 

quite common in organic chemistry, as A< 

‘shown in Fig. 17.9. kı is the rate constant SN? 

for the main reaction and k2 the rate cons- ? reas. : 

tant for the side reaction. fion C 
If a is the initial concentration of A and x Fig. 17.9. 


is}the amount of it that decomposes into B 
and C at time t, the rate of disappearance of A is given by 


dx 
idi =(kı+k2) x e. (17.68) 
and the rate of formation of B and C is given by 


de ox .. (17.69) 


din a ol 
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and al =k:x -.. 010). 
Ratio of equations (17.69) and (17.70) gives. 
| 4B] Ja 
d ele i AOTUN 


With the help of equations (17.68) and (17.71), ka and k2 can be 
calculated. © Y 


Example: Alcohol can be dehydrated to olefins as well as dehy- 
drogenated to aldehyde: 


C2H4+H20 
ee 


— 


7 CH3CHO+H2 


17.15. CHAIN REACTIONS 


There are some chemical reactions which take place by a series of 
successive processes involving the formation of free atoms and 
radicals. The kinetic laws for such reactions are considerably 
complex. A well known example of these types of reactions is the 
hydrogen-bromine reaction. The stoichiometry for this reaction is. 


H2+Br2 —- 2HBr 
but it does not follow the simple rate expression 


4 — nage] 


analogous to that followed in the hydrogen-iodine reaction but 


follows the following empiricalrate equation given by Bodenstein. 


and Lind in 1906: 


d|HBr] . K[Hz]Brz]! ^ (17.72) 
in ee oe n 
1+k [Bra] 


k and k' are constants at a given temperature. and parentheses 
indicate the concentration of the species. The appearance of the 
term [HBr] in the denominator implies that the velocity of the reac- 
tion is decreased by the product, HBr, and this product acts as an 
inhibitor or the reaction. : 


The complexity of equation (17.72) could not be explained until 
1919 when Christiansen, Herzfeld, and Polanyi independently and 
almost simultaneously solved the problem. They proposed a chain 
of reactions with the following steps: ` à 1 


` 


‘ 
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k, 
(1) Bro > 2Br Chain initiation 


k, 
Q) Br + Hic HBr + H 


4 Chain propagation 
(3) H + Br? > HBr + Br 


k. 
(4) H.+ HBr > H, + Br Chain inhibition 


ks 
(5) 2Br — Br? Chain termination 


According to this mechanism, HBr is formed in reactions (2) and 
(3) and removed in reaction (4). Consequently, the rate of formation 
of HBr is given by 


(EE l is] [Br]-+ks{HI [Br] -k4[H] [HBr]... (17.73) 


This expression involves ccncentrations of H atoms and Br atoms. 
'Since these atoms are present in very small quantities, their concen- 
trations cannot be directly measured. Thus equation (17.73) cannot 
be solved unless the concentrations of these ators are expressed in 
terms of the concentrations of the molecules H5, Brz, and HBr. In 
order to remove this difficulty, it is assumed that the atoms H and 
Br are short lived intermediates and the steady state principle can be 
applied to them. Thus we get 


AU — Br] [Hg] aH] [Bra]—kalH] [HBr]-0 — .. (017.74) 
Aa — kifBrj]4-Io[H] [Bral+ ke[H]} [HBr] —kaf[Br] [H3] sfr —0 
17.25) 


‘Solving these two equations simultaneously, we get 
ka[Brz] Ya 
Br =( 5172 Led: 
[Br] ( m « UL 6) 


— Kfalks)! P[Ha] [Bra]! 
ks[Br?] + ka[ HBr] 
Substituting these values for [H] and [Br] into equation (17.73) 
and rearranging, we get 
d|HBr] | 2kxJal ks)! "[H;] [Brz] 2 
dias os [HBr] 
1+ (ka/ks) [Bra] 
This equation is in agreement with equation (17.72) but now the 
constants k and k’ are expressed as composites of constants for step 
reactions in succession. 
A reaction like the above is an example of a chain reaction. Ins- 
pection of steps (1) to (5) for the hydrogen-bromine reaction leads 


and [H] 


205502.77) 


... (17.78) 
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to a number of points of interestin the mechanism. The reaction is 
initiated by thermal dissociation of a bromine molecule into bro- 
mine atoms. The introduction of bromine atoms produces a large 
number of molecules of hydrogen bromide through the sequence of 
reactions (2) and (3). These two stages repeat themselves until the 
reactants are used up. These reactions are chain-propagating reactions. 
Step (4) accounts for the observed inhibition by HBr; since the 
prcduct HBr is removed by this step, there is a decrease in the rate 
of formation of HBr. Step (5) results in removal of bromine atoms, 
and hence in chain termination. In some cases, chain termination 
may take place by collisions of chain ry ropagators with the walls of 
the reacting vessel. 

Insome chain reactions, free radicals such as CHs, C2Hs, or 
CH3CO, act as chain carriers. Consider, for example, the thermal 
decomposition of acetaldehyde, namely, 

CH3CHO — CH44- CO. 
The following mechanism has been proposed for this reaction: 


k; 
(1) CH;CHO > CH; + CHO Chain initiation 


k; 
(2) CH;CHO + CH; -> CH4 + CH:CO 


: Chain propagation 
(3) CH;CO + CH; + CO 


k, 
(4) CH; + CH; 2. C2H6 Chain termination 
Step (1) initiates the chain, steps (2) and (3) propagate the chain 
and step (4) terminates the chain. Applying the steady-state principle 
to the radicals CH3 and CH3CO, we get ' 
acm. =k,{CHsCHO]+ks[CH3CO]— I CHsCHO][CHs] 
—ksCH.P=0. .. « (17.79) 


and ACCO) _),(cHCHOMCHs]—kslCHsCO]=0 
. + + (17.80) 
From these two equations, we get 
k;[CH3CHO]— K4[CHsP? i 
or [CH;] — (Ki]k4)! ? [CH3CHO]! 2 ... (17.81) 


The overall rate of reaction is determined by the production of 
CH, in step (4). The rate equation is 


ACH _ 4 {CHsCHOYCH:] 2:07.82) 
_ Substituting the value of [CH3] from equation (17.81) into equa- 
tion (17.82), we get 


ACHA p, e y ICH;CHOP? CECI 
dt k4 
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The free-radical scheme thus predicts the reaction to be of the 2 
order. This is in agreement with the experimental data which shows 
a first order reaction gradually becoming a second order reaction. 


Free radical chains play an important role in the polymerization 
of many unsaturated compounds, such as ethylene, styrene and vinyl 
compounds, to produce materials of industrial importance. 


17.16. BRANCHING CHAINS, EXPLOSIVE REACTIONS 


In the chain reactions discussed above, each propagation phase 
produces a molecule of product and one chain carrier. This is 
referred to asa stationary state. In some reactions, it has been 
frequently observed that more than one chain carrier is produced 
from the original one in each propagating phase. This results in 
branching (or nonstationary) chain, in which the number of chain 
carriers increase rapidly. The reaction then takes place very rapidly 
and explosion is said to occur. (In fact, explosions do occur if chain 
carriers are produced more quickly than they can be removed.) A 
reaction mechanism that involves branching reactions is known as 
branching chain process. 


One of the consequences of the formation of branching chains is 
the phenomenon of explosion limit discovered by Hinshelwood and 
his co-workers in 1928. Itis exhibited by a number of oxidation 
reactions, e.g., of hydrogen, carbon monoxide, carbon disulphide 
and phosphine. 


Consider the reaction between hydrogen and oxygen. This reaction 
takes place at a conveniently measurable speed between the tem- 
perature range of 450°C and 600°C. Below this range, the rate is. 
very slow, but above this range, the reaction takes place extremely 
rapidly, i.e., becomes explosive. If the mixture of Hz and Op in the 
ratio 2 : 1 is maintained at 550°C and at a pressure of about 2 mm, 
a steady homogeneous reaction occurs. If. the pressure is gradually 
raised, the rate increases. At a certain critical pressure of few milli- 
metres,the reaction suddenly becomes explosive. This is referred 
to as first (lower) explosion limit. The explosive reaction persists 
with further increase of pressure but above a pressure of 50mm 
at 500°C, there is no longer an explosion and the reaction rate is 
normal. If the pressure is further increased at about 100mm, a 
condition is once again reached at which the reaction is very rapid 
and explosion reoccurs. Thisis referred to as second (upper) ex- 
plosion limit. At about 200 mm pressure, the reaction is again 
Steady. At still higher pressures, a third limit is achieved. This 

' behaviour is displayed in Fig. 17.10. 


. In order to explain the existence of explosion limits, the branch- 
ing chain mechanism is utilised. At very low pressures, the chain 
carriers diffuse quickly to the walls of vessel and are destroyed at 
the surface, thus terminating the chain, The rate of the reaction is, 
therefore, slow. As the pressure is increased, rate of formation of- 
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chain carriers exceed their rate of destruction; the reaction rate then 
increases enormously and explosion occurs.: This represents lower 
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Fig. 17.10. Explosion limits. 


explosion limit which depends on the size and material of the 
reaction vessel. Further increase of pressure favours destruction of 
chain carriers by their mutual collisions in the interior of the gas, 
Eventually, the upper explosion limit is reached when destructive 
collisions in the gas phase exceed the chain branching. The reaction 
becomes non-explosive in character and goes smoothly. At still 
higher pressures, represented by the third explosion limit, the reac- 
tion is again so fast that the conditions are no longer isothermal 
and reaction passes over into a thermal explosion. In a thermal 
explosion, since the heat liberated is not dissipated, the temperature 

. of the reaction system rises rapidly and the rate of reaction increases 
practically without bound. 3 


Taking into consideration the views expressed above, the follow- 
ing mechanism is suggested for the hydrogen-oxygen reaction: 
(1) Hy — 2H Chain initiation 
i mura X HEE ] Chain branching 
(4) OH--H; - H20+H Chain propagation 
(5) H+wall — Destruction 
(6) OH4- wall — Destruction 
(7) O+-wall — Destruction. 


1717. INFLUENCE OF IONIC STRENGTH 


The specific rate constants of reactions in solution involving either 
non-electolytes or non-electrolytes and ions generally remain un- 
affected by the presence of elecrolytes. On the other hand, rates 


eg) 
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of reactions taking place between ions are very much affected by 
varying the ionic strength of the solution. In order to explain the 
influence of ionic strength on the rates of reactions between two 
ions, a theory of ionic reactions was originally proposed by J.N. 
Bronsted in 1922. We shall consider here the simpler treatment 
presented by N. Bjerrum in 1924, 


Consider a reaction between two ionic species A and B. It was 
proposed by Bjerrum that the reacting ions first form an activated 
complex X in equilibrium ‘with the reactants. Activated complex 
then decomposes to form the reaction products and the rate of 
reaction is proportional to the concentration of activated complex. 
The whole reaction is represented as 


A--B = X —- Products. 
If Cy is the concentration of activated complex at any instant, 
then the rate v is given by 

v=k'Cx -.. (17.84) 
Since the activated complex is in equilibrium with the reactants, 

the thermodynamic equilibrium constant K is expressed as 
I e SCENE RT 
asap CaCh fan 
where the a’s are the activities, C’s are the concentrations and Es 


are the activity coefficients of the various species. From equation 
(17.85), Cx is given by We 


Cx —K C4CB. Ls 
which on substitution into equation (17.84) gives rise to 
v—K'KCACs . fe 


x 


a (17.85) 


-( y In Jes 1. (17.86) 
where ko=k’ K. 
Equation (17.86) indicates that the experimentally evaluated 


constant k, as determined from the ordinary kinetic equation for a 
bimolecular reaction between A and 2, namely 

Rate of reaction, v=kC4Cg + «+ (17.87) 
is not the true reaction constant kg but involves also the activity 


coefficients of the reactants and the complex, Thus the experimental 
specific rate constant is given by 


kek, P «= (17.88) 
Taking logarithms, 


logi K=logig ko + logi Z L E ++» (17.89) 
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At infinite dilution, the activity coefficient on the right of 
equation (17.89) would be unity and its logarithm zero; hence, 
physically &o is the specific rate constant of the reaction between 
A and B extrapolated to infinite dilution. In general, the activity 
coefficients of charged reactants and complex vary with the ionic 
strength of the medium, and so the velocity constant will be a 
function of the ionic strength. This is referred to as the primary 
salt effect on reactions involving ions. 


According to the Debye-Huckel Theory, the activity coefficient 
of an ion in aqueous solutions at 25°C is related to its valency Z 
and the ionic strength p by the equation 


logi f=—0.51 ZW p .. + (17.90) 
The ionic strength is defined by the equation 
ey > zh Ci ... (17.91) 
i 


where Z; is the valency of the ion and C; its concentration, the 
summation being taken of all the ions in the solution. 

Substituting equation (17.90) ‘into equation (17.89) and simpli- 
fying, we get 


logiok--logigkg—0.51 (Za2-+Zs?—Zx2)V p .. (17,92) 


where Za, Zs and Zx are tbe charges carried by A, B and X 
respectively. Since Zx — Z4-- Zn, equation (17.92).reduces to 


logio K=logigky+ 1.02 ZaZaV. e ... (17.93) 
According to equation (17.93), a plot of logik or of logigk/ko. 


againstV u should give a straight 
line with a slope 1.02 ZaZs. 
This agreement is confirmed when 
we consider Fig. 17.11. 


This figure shows a plot of 
logi k/ko versus V m for reac- 
tions of various types; the lines 
drawn are those predicted by 
equation (17.93), while the points 
are experimental results. 


F. As can be seen from the figure, 01 62 05 77 
ifone of reactants is a neutral 
molecule, Z4Za=O, and the rate rry 


constant should be independent ki, 4744. Pri Gaffes ION 
of the ioni Mrengthi TIS is edem ie piu Cem ho 
true for a reaction of the type. 

CH3;COOC2Hs++-OH >CH3COO-+C,H;0H 
(base-catalysed hydrolysis of ethyl acetate) 


"516 A TEXTBOOK OF PHYSICAL CHEMISTRY 


If Z4Zp is positive, as for the reactions 
2[Co (NH3)sBrP*4-Hg?* --2H20 —2[Co(NH3)s (H20)]*3 


$2022—-21-—1242804- (Z4Zs—4-2) 
Co(OC?Hs)N:NOz --OH-— N204- COz---C;HsOH (Z4Zg— 4-1) 
then ķ will increase with ionic strength. 
Finally, if Z4Zz is negative, as for the reactions 
H,02+2H*+2Bi-=2H20+Br2 (ZaZs=—1) 


[Cc(NH;'s BrP*--OH-—[Co(NH3)(OH)P*--Br- (Z4Zs— —2) 
k will decrease with increasing ionic strength. 


It should be borne in mind that equation (17.93) holds with 


high accuracy for a number of reactions only in dilute solutions. 


An concentrated solutions where the Debye-Huckel equation breaks. 
down, some deviations have been observed, and these deviations. 


can be explained in terms of formation of ion-pairs. 


17.18. KINETICS IN CHEMICAL ENGINEERING 


The work of the chemical engineer involves scaling up processes. 


that have been tested in a laboratory scale so they can be carried: 
out in industrial sized plant. One type of reactor used for carrying. 
out reactions in chemicalfactories is the continuous flow reactor. 
In these, the reactants are fed in continuously, stirred within the- 
reactor and products and unchanged reactants continually run out. 
It generally pays to allow less than full conversion of reactants into 
products because after a certain percentage conversion, in 
.dditional time, the material is held within the reactor and is not 
` ompensated for by the better yield. Consider a first order reaction. 
rf the type 
A-> Products 


A will be fed into a continuous reactor in which perfect mixing 
occurs. If the valume of the reactor is V dm? and the volumetric: 
flow rate is udm? min-!, then the mean retention time, f, of the 
material in the reactor is : 


t=— 


u 


For an initial concentration [4], of A entering the reactor, the 


moles of A entering in time : is [A], ut. 
Similarly if [4] is the concentration of 4 leaving. the reactor, the 
moles of A existing in time t is [A] ut. That is 


moles reacting in time f—ratex Vt—k[A]Vt 
or : 


moles entering the reactor—moles leaving the reactor4-moles which. 


à h d. 
ULU = [4]Ut + HAY ave reacte 


+H¢ Brz (ZaZg— 4-4). 
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Dividing by Ut we get, 
y 
[4 [4]--HA] 77 


This rearranges to 


—b-lad o, 
k[A] 

"This design equation can be used to calculate the efficiency of 
‘conversion of A into products within a reactor of known volume 
under a variety of conditions of volumetric flow rate, thus allowing 
the optimum conditions to be deduced. 


AER 
U 


PROBLEMS 


1. What do you understand by the term order of a reaction? Derive an expres- 
sion for the first and second order reaction. 


2. A first order reaction is 40 per cent complete at the end of 50 min. What 
is the value of the rate constant in sec7?? In how many minutes, will the reaction 
be 80 per eent complete? 4 

Ans. 1.7 X 107 sec-!; 157.8 min 

3. (a) Give a brief account of the methods for determining the order of 
reaction. 

b Ae) Optical rotation of sucrose in 1 N HCI at various times was given as 
elow: 

Time (minutes) 0 7.8 18.00 27.05 oo 

Rotation (degree) --24.09 21.7 +17.7 +15 —10,74 

(i) Show that inversion of sucrose is a first order reaction. » 

(ii) When is the solution optically inactive? x 
j Ans. 109 minutes 


A. (a) What is meant by half-life period? Derive the equation for the calcu- 
lation of half-life period. 


(5).Calculate the order of the reaction from the following data: 


Catalyst 
H, ===> N, 43H; 
Pressure (mm Hg) 50 100 200 
Relative half-life 
period 3.52 1.82 K 0.93 


X (a) The order of a reaction is an experimentally determined quantity, 
explain. V 


(5) For the chemical reaction 
5Br-+BrO,-+ 6H* —3Br,--3H,0 
the rate expression is given as T. 
Rate—k[Br-] [BrO;-] [H*]*. 
What is the molecularity and order of each reactant? 
Ans, Reactant Order Molecularity 

Br- 1 : A 
BrO ` 1 1 
Ht 2 6 
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6. The inversion of sucrose in the presence of HC] gave the following values 
for the optical rotations: 


Time (minutes) 0 15 30 45 63 oo 
Optical rotation 
(degrees) +4324 +4288 +255 4224 - +19.6 —11.0 


Show that the inversion of sucrose is a first order reaction. 
: 7. If a chemical reaction proceeds in a sequence of steps then the slowest step 
is the rate controlling step. Explain the statement. 
8. The rate expression for the chemical reaction A,+B=C is Rate=k[Ag]) 
What is a possible mechanism for this reaction? 
9. The following mechanism has been proposed for a chemical reaction: 
; (CH3,CCI 2 CH3),C*--Cl-^slow 
(CH3),C*--OH- — (CH;),COH fast 
Write the rate expression and the overall reaction. 
Ans. Rate- k(CCH;),CCI] 
(CH;),CCI + OH-— (CH;),COH 4- Cl- 


; 10. What is meant by a 'zero-order-reaction'? Deduce a relationship between 
concentration and time for a given fractional change. 


. .11. From the following data, show that the decomposition of H,0, in aqueous 
solution is monomolecular, 


Time (in minutes) 0 10 20 
N 22.8 13.8 8.25 


where N is the number of c.c. of KMNO, required to decompose a definite 
volume of H,0,. 


12. A gram mole of ethyl acetate was hydrolysed with gm. mole of NaOH. 
The concentration of the alkali fell according to the following data: 

Time (min.) 0 4 6 10 14 20 

(a—x) 8.04 5.30 4.58 3.50 2.70 2.22 

Show that the reaction is bimolecular. 

13. For the chemical reaction ` A+2B=C, 
it has been found that the rate of the reaction increased by a factor of 2.82 
when the concentration of A was doubled and increased by 9 when the con- 


centration of B was triplcd. What is the: rate expression; the order of each 
component and the order of reaction? 


Ans. Reaction order=3.5 


14. Explain with the help of examples, bimolecular, unimolecular and 
pseudomolecular reactions? 


15. The reaction 
20,;=30, 
was found to obey the experimental law 
} —d[O;]/dt=K[0;]*/[0;] 
Suggest a mechanism for this reaction. 


16. Explain the term energy of activation. How is the energy of activation 
of a reaction determined? 


17. Explain the following: 


(a) The rate constants for third order reactions are less than those for 
second order reactions. ` 


(b) The velocity of the molecules increases with the increase of temperature. 


(c) As the velocity of the molecules increases, the number of collisions ' 
which a molecule makes per second also increases. 


18. The reaction of hexaquochromium ion (III) and thiocyanate ion to form 
a complex ion ? 


CHOH;),*-SCN-- C(OH;)NCS*--H,O 
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is governed by.the rate law ; 
Rate—k[Cr(OH;),**] [SCN-] i 
The value of k is 2.00x10-* litre/mole-sec. at 14°C and 2.2x10-5 litre/mole- 
sec. at 30°C, What is the value of Ez? (R=1 99 cal/mole-deg ) - 
i Ans. 26 Kcal/mole . 


19. Give an account of collision theory of reaction rates. How would you 
account for (a) mono-molecular reactions, and (b) bimolecular reactions using 
this theory. 


20. Explain what is meant by (a) consecutive reactions, (b) chain reactions 
and (c) side reactions. $ 

21. Write notes on the following: 

(a) Third order reaction 

(6) Absolute theory of reaction rates 

(c) Complex reactions 

(d) Partition function 

(e) Primary salt effect» 


Chapter 18 


CATALYSIS 


13.1, INTRODUCTION 


A catalyst is a substance which alters the speed of a chemical reac- 
tion without undergoing any chemical change and can be recovered 
atthe end of the reaction. The phenomenon of acceleration or 
retardation ofthe speed of a chemical reaction by the addition of 
small amounts of foreign substances to the reactants is referred to 
as catalysis. 


Consider, for example, the decomposition of potassium chlorate. 
This reaction takes place very rapidly and at a low temperature if a 
pinch of manganese dioxide is added. 


MnO, 
2KCIO; --—-—> 2KCI+302 


Manganese dioxide does not undergo any chemical change at the 
end of the reaction and can be recovered and used over again. Thus 
_ manganese dioxide acts as a catalyst. 


` There are numerous examples of catalyzed reactions. Some com- 
mon examples are; 


(i) Oxidation of sulphur dioxide to sulphur trioxide in the presence 
of platinum as a catalyst. 
Pt 
2502+02 —— 2S0; 
(i) Combination of hydrogen and oxygen in the presence of 
platinum. 
Pt 
2H54-0; —— 2H;0 


(iii) In the manufacture of ammonia by Haber's process, iron 
acts as a catalyst. 


Fe 
N2+3H2 —> 2NH3 


(iv) Hydrogenation of unsaturated hydrocarbons in the presence 
of nickel. 


Ni 3 
—CH=CH— +H; —> —CH;—CH;—. 


CATALYSIS : "298b 


18.2. GENERAL CHARACTERISTICS OF CATALYZED 
REACTIONS 


Although there are various types of catalyzed reactions, but in spite 
of their many differences, they show the following characteristic 
properties: ý 

(i) The catalyst remzins unchanged in chemical composi- 
tionat the end of the reaction. The amount of the catalyst 
recovered at the end of the reaction is found to be the same as the 
amount taken at the start of the reaction. Hence, a catalyst does not 
undergo any chemical change although its physical form may change 
completely. Thus manganese dicxide, used as a catalyst in the 
decomposition of potassium chlorate, changes from coarsely 
powdered form to fine powder at the end of the reaction. Similarly, 
asmooth platinum gauze, used as a catalyst in the. oxidation of 
ammonia, becomes rough after some time. 

(ii) Only a small amount of the catalyst is required to 
bring about a reaction. ‘There are many cases known where a 
very small amount of the catalyst is sufficient to convert large quan- 
tities of the reactants into the products e.g., one gram of platinum 
is sufficient to cause decomposition of 108 litre of hydrogen 
peroxide. í 

This is not invariably true. There are some homogenous catalyzed 
reactions where the rate of the reaction increases with the increase 
in the concentration ofthe catalyst as, for example, the inversion 
of cane sugar in presence of hydrochloric acid which acts as a 
catalyst. There are also some heterogenous reactions where the rate 
proportionally increases with the increase in the area of the surface 
of the catalyst. 

` Attempts have been made to determine the exact quantity of the 
catalyst required for a reaction, but it has not been very successful. 

(iii) A catalyst does not alter the final position of equili- 
brium ina reversible reaction and hence does not modify 
the value of the equilibrium constant. It has been. found from 
thermodynamics that whether a reversible reaction takes place in 
the presence ofa catalyst or not, the free energy of the process is 
same. A catalyst accelerates equally the rates of both forward and 
reversible reactions and helps to establish equilibrium quickly. 

This has been found to be true where the amount of the catalyst 
used is small. If the catalyst is present in large quantity, the magni- 
tude of the equilibrium constant changes. For. example, in the 
hydrolysis of ethyl acetate. in presence oflarge quantity of the cata- 
lyst, HCI, the equilibrium constant is affected. 

(iv) A catalyst does not start or initiate a reaction, but it 

-merely increases or decreases its speed. A catalyst simply 
changes the speed of a reaction which is already proceeding, though 
very slowly. The function of the catalyst isto help a reaction to 
attain an alternative path which requires minimum energy of 
activation. : - 
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(v) A catalyst is specific in action. This implies that a given 
catalyst can catalyze only a particular reaction and cannot be used 
to bring about every reaction. For example, manganese dioxide will 
catalyze only decomposition of potassium chlorate and will fail to. 
catalyze other reactions. Similarly, enzymes are also specific in 
action. 

Thus a proper catalyst for a Particular reaction is chosen after 
numerous experiments. 

'(vi) A catalyst has an optimum temperature—the tempera- 
ture at which the catalyst is most active. 

(vii) A catalyst is poisoned by the presence of small quan- 
tities of certain substances called catalytic poisons. Some of 
the most powerful catalytic posions are arsenious oxide, hydrogen 
cyanide and carbon monoxide. The presence of thesé substances: 
makes the catalyst inactive. : 

(viii) The activity of a catalyst is enhanced by the 
presence ofa substance: called Promoter. For example, in 
Haber’s process for the manufacture of ammonia, molybdenum is 
used as a promoter to the catalyst iron. 


18.3. TYPES OF CATALYSIS 


There are generally two types of catalysis : (i) Homogeneous cata- 
lysis, and (ii) Heterogeneous catalysis. 
(i) Homogeneous catalysis. In this type, the catalyst is present 


n the same phase as the reactants. There can be gaseous or liquid 
phase. 


NO 
280;4-0; —— 280, 


Nitric oxide can also catalyze the combination of carbon mono- 


oxide and oxygen and the decomposition of nitrous oxide to nitrogen 
and oxygen, 


NO 
2CO+02 —Á 2CO, 


NO 
2N20 —— 2N2+02 


Another example is the decomposition of methyl-ethyl, diethyl 
and di-isopropy] ethers in the presence of iodine vapors which acts 
as a catalyst. j 

lodine vapors also act as a catalyst i iti 
sect À yst in the decomposition of 

I, vapors 


CH3CHO ————. CHs+Co 
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If is found to be of second order and the rate is given by 


dx 
dt —KCcnu;cpo. c, 

To account for this, it is said that the reaction takes place in two 
steps: 

(1) CH3CHO+L —— CH;l+ HI+CO 

(2) CH3I-+HI —— CHs+I, 

The first reaction being slower determines the rate of the reaction. 

Examples of homogeneous catalysis in liquid phase. There are 
many examples of homogeneously catalyzed reactions in solution, 
The most common are catalyzed by hydrogen or hydroxyl ions and 
are generally included under the heading of acid-base catalysis. 
Hydrogen ions are found to catalyze reactions such as the inversion 
of sucrose and hydrolysis of esters. For such reactions, the rate is. 
proportional to the concentration of hydrogen ions and the concen- 
tration of the subtrate i.e., reacting molecule or ion. 


oper Cru 
u 


H+ 
CiHz01 T H20 —— C 
cose Fructose 


6 
Sucrose ` Gl 


Ht 
CH3COOC;H;--H;0 —> CH3COOH 4-C;HsOH 
Ethyl Acetate 
Similarly, hydroxyl ions are found to have catalytic effect for re- 
actions such as the mutarotation of glucose and the conversion of 
acetone into diactone alcohol. 


[ 
Here | CHO HO—C—OH 
1 ; 
Ha | P se H—C 
| 
DO n O = HO—C—H = OH—C—H oO 
| | 
o TRIE [e Ea j 
Baa J dara “actin 
CH;0H CH;OH CH20H 
a—Glucose 8—Glucose 
(aly = 152,5 
lalp= +110° l@lp—+19.7° 
Mutarotation of glucose by OH’ 
CH; CH; 
N OH N 
=0+H.CH2.COCH; —> C—CH;COCH; 
Za 7 
CH3 : CH; OH 
s Diacetone Alcohol 


Acetone 
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These days, it has been observed that for many reactions which 
are catalyzed by hydrogen ions, any other substance which is an 
acid in the Bronsted sense (proton .donor) can act as a catalyst for 
the reaction, This is called general acid catalysis. Similarly general 
base catalysis refers to reactions which are catalyzed by all bases 
(proton acceptor). 


There are some reactions e.g., the mutarotation of glucose and 
the enolization of acetone which are catalyzed by both acids and 
bases and are known as general acid-base catalysis. 


For such reactions, the general expression for the measured 
Specific rate constant (K) for the overall reaction may be written as: 


K=Kot by Cacia + X Kins Chase 


where Ko is the rate constant for the non-catalyzed reaction such as 
occurs in neutral solution and Kacia and Kbase are the catalytic 
co-efficients for each species of acid and base (in accordance with 
the Lowry’s concept of acid and base) of concentrations Cacia and 
Chase respectively. The value of K;;; can be measured from 
solutions which are strongly acidic (Chase is extremely small) and 
that of Kbase from solutions which are strongly basic (Cacia is small). 
By knowing Kad and Kase, one can easily compare the catalytic 
effects of various acids and bases), 

In considering the mechanism of acid or base catalyzed reactions, 
addition, or removal ofa proton by a catalyst must be taken into 
‘consideration. This can be illustrated by the following few examples: 

(a) Mutarotation of glucose: This is presented as: 

GH + H30* |= HGH +H20 
L-—gluccse (Intermediate compound) 
= HG + H30+ 
B-glucose 

Here first step involves addition of proton, supplied by acid, 
30* to a glucose molecule and leads to the formation of an inter- 
mediate compound which is unstable. This decomposes to give 
f-glucose and proton discarded is taken by a water molecule, 

(b) The hydrolysis of methyl acetate 


H H 
‘0-H dan 
o CUR 
cH, 0 13 eh Cees 
at ba, MS din; 


H H 


— S 


CATALYSIS : 523 


H 
| 
o- O—H 
| 
sepes 
H—O CH; 
vA + 
va H—O—H 
A 
PA H 
Z 
H,O 
+ 
CH3COOH 
* 
CH;0H 
* 
H30* 


It is clear that for such reactions water acts both as an acid and a 
base as it supplies as well as accepts a proton. 


(ii) Heterogeneous catalysis. In this type, catalyst constitutes. 
a separate phase from the reactions. The. catalyst is generally solid 
and reactants are mostly gases and sometimes liquids. The catalysts. 
which are frequently used here are the metals such as platinum, 
nickel, copper and iron and sometimes oxides of metals such as. 
ferric oxide, zinc oxide, molybdenum oxide etc. These catalysts are: 
used in a state of fine powder so as to give a large surface area. 


In heterogenous catalysis, we have number of reactions which are: 
of commercial importance. Some important example are given 
below: 


(i) Haber's Process for the manufacture of ammonia : Combina- 
tion of nitrogen and hydrogen (ratio 1: 3) is catalyzed by iron in. 
the presence of a promotor (molybdenum). à 


Fe 
N2+3H2 —> 2NH3 


(ii) Contact process for the manufacture of sulphuric, acid. -Com-- 
bination of sulphur dioxide and oxygen in the presence of platinum. 


+ Pt 
2502+02 —- 2S0; 


(iii) Formation of water is brought about by combining hydrogen. 
and oxygen in the presence of platinum. i 


Pt 
2H2+02 —— 2H20 
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(iv) Inthe manufacture of nitric acid, oxidation of ammonia is 
done in the presence of a mixture of ferric oxide and bismuth oxide. 


FeO; 
4NH3+502 —> 4NO+6H20 
BiO; 

: (v) Hydrogenation of unsaturated hydrocarbons in the presence 

of nickel. 


Ni 
X—CH-CH-—Y-4-H; —-> X—CH2—CH2—Y 
Unsaturated oil saturated fat 
(vi) In the preparation of hydrogen, combination of carbon 
monoxide and water gas is done in the presence of ferric oxide. 


Fe0; 
CO--H;0 ——- CO2+H2 


(vii) Hydrochloric acid can be manufactured by passing a mixture 
of hydrogen and chlorine over activated charcoal prepared from 
woods. 


Charcoal 
-H2+Ch ———- 2HCI 
18.4. ENZYME CATALYSIS 


This is an important type of catalysis and comprises the chemical 
reactions in living organisms which are catalyzed by enzymes. The 
enzymes are complex organic compounds (proteins) of very high 
molecular weights and are not very stable. Since the particle dia- 
meter of each enzyme is in the range of 100 to 1000A, therefore, 
they form colloidal solutions with water and hence enzyme catalysis 
ies in between the homogeneous and ‘heterogeneous catalysis and is 
sometimes referred to as microheterogeneous. The catalytic action 
‘of each enzyme is extremely specific in nature. For reversible reac- 

tions, enzymes like other catalysts, catalyze equally both the for- 
ward and reverse reactions without disturbing the equilibrium. 


There are numerous reactions known which are catalyzed by 
enzymes. Majority of the reactions are connected with the natural 
processes. Some important examples are: 


(i) Hydrolysis of starch by means of diastase obtained from 
-germinating barley 


; Diastase 
2(C6H100s)n-+nH20 +œ nCioHaO0nu 
Starch Maltose 
sugar 


— (ü) Hydrolysis of maltose into glucose by maltase 


- Maltase 
Ci2H22011-+H2O0 —— > 2C6H1206 


altose Glucose 
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(iii) Conversion of sucrose into a mixture of glucose and fructose 
« iby invertase, 


Invertase 
Ci2H22011-+ H20 ———> CsH1206+C6H1206 
Sucrose glacose fructose 
(iv) Conversion of glucose into alcohol by zymase 


Zymase 
C6H1206 ———- 2C2Hs0H+-2CO2 


glucose 
(v) Hydrolysis of urea by urease 


Urease 
NH2CONH2+H20 ———-— 2NH;4-CO2 
Urea 


Amount of urease required for hydrolysis is very small. Only one 
part of enzyme in ten million of solution is sufficient. 


(vii) Hydrolysis of peptide glycyl-L-glutamyl-L-tyrosine by pepsine. 
All enzymes belong to any one of the following two classes: 


(a) The hydrolytic enzymes. These are complex acid-base catalysts 
and accelerate ionic reactions, mainly the transfer of hydrogen ions, 
and 


(b) The oxidation-reduction enzymes. These enzymes catalyze 
electron transfers. 


Mechanisation of enzyme reaction. The detailed mechanism 
of the enzyme action has not been exactly determined so far. The 
simplest mechanism of the enzyme reaction, originally suggested by 
Michaelies and Menten, is represented by the following reaction 
scheme: 


ky Ks 
E+S3. ES —>E+P SEIS) 
ka complex 


where E represents the enzyme, S the reactant generally known as 
substrate in the enzyme-catalyzed reaction, ES the intermediate 
‘complex between the enzyme and substrate and -P is the reaction 
product. - j 


kı, k2 and ks are the rate constants for the various reactions, The 
rate equations are: 


SASI 471. kESI R4ES]- I[ES] «~. (18.2) 


and s GES) — kits] kpES]— [ES] 1873). 
All the terms in the bracket represent the various concentration 


terms. 


Equation (8.2) gives the formation of the product or disappear- 
ance of the substrate and equation (18.3) gives the formation of the 
complex. 
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Since.the molar concentration of the enzyme is very smallas com- 
pared to the molar concentration of the substrate, therefore, we can. 
write the conservative equation 

[Ep LEH-EES] ... (18.4) 
where [E]o is the initial concentration of the enzyme. 

Putting [E]--[E]o —[ES] in equation (18.3), 


MES) — GE LES DES] KALES ]—RaLEST 


=kı [Elo [$]— (a[S]H- K4- 3) ES] V. (18.5) 
Under steady-state, 
d[ES] Lo 
dt 
Therefore, 
O=ky[E]o [S]—(kalS]+k2+ ks) [ES] 
oti baies LEE SE (08.6) 


ki[S]H- Ko ks 
Dividing the numerator and denominator of the right hand side of 
equation (18.6) by kı [S]; we get 
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[eS ce A T «+. (18.7) 

k,[S] 
Substituting this value of [ZS] in equation (18.2) which gives the 

formation of the product i.e., equation API ag, [ES], we get 
dP] __kslElo 

rape pak k ... (18.8) 

ki[5] 


is called the Michaelies Constant and be- 


The quantity i 


comes equal to the concentration of substrate, [S] if the rate of for- 
mation of the product is half the maximum rate of the reaction. ` 

Equation (18.8) is in agreement with the experimental fact that 
for very low concentration of S, every enzyme catalyzed reaction is 
found to be of first order and the rate is proportional to the con- 
centration of S. If the concentration of S is very high, the rate be- 
comes of zero order and is independent of the concentration. But 
in both the cases, the reaction is of first order with respect to the initial 
concentration of the enzyme. 


18.5. THEORIES OF CATALYSIS 


There are many different kinds of catalysts and many different 
mechanisms by which catalysts operate have been proposed. In 
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homogeneous catalysis, the catalyst is a molecule or ion in homo- 
geneous solution and in heterogeneous catalysis, the reaction occurs 
on the surface of the solid cataiyst. s 
The action of a catalyst can be explained as follows: 
Let us consider a reaction 
Reácíants = Products 
In order to carry out the above reaction, the reactants have to be 
activated so that they acquire the energy Ea, the energy of activation 
ofthe uncatalyzed reaction, indicated by the thick curve in the 
diagram. When a catalyst is added, the height of the energy 
barrier is lowered and 
more and more reactant Ea 
molecules can now cross 
the new energy barrier-E, 
indicated by the dotted | 
curve and thus increase 
the rate of the reaction. E 
o 
5 


It is not possible to give S 
a uniform explanation of Reactants Products 
the mechanism of the ——— - 
catalytic reactions. The : Reaction path 
two more important Fig. 18-1. Energy of activation for the 
mechanisms have been uncatalyzed and catalyzed reaction. 
proposed: (1) Interme- 
diate compound formation theory and (2) Adsorption theory. 

(1) Intermediate compound formation theory. According to 
this theory, a catalyst must enter into chemical combination with 
one or more of the reactants forming an intermediate compound or 
substrate (catalyst complex) which then decomposes or combines 
with one of the reactants to form the product and the catalyst is 
regenerated. Let us consider a reaction involving the combination 
of the reactants 4 and B to give the product AB, viz., 


A+ B=AB (uncatalyzed reaction) 

The reaction will be very slow in the absence of a catalyst. On 
the addition of a small amount of catalyst C, the reaction will pro- 
ceed along the following stages: 

A+C=AC* (Intermediate compound) 
AC*-- B=AB+C 

The intermediate compound AC* helps the reaction to proceed in 
stages with low energy of activation thereby accelerating the rate of 
a chemical reaction. 

The role played by the copper catalyst in the formation of water 
from the combination of hydrogen and oxygen can be symbolised 
in the form oi following equations: 

2Cu+402 — CuO (Intermediate compound) 
Cu20+H2 > 2Cu+H20 


Uncatalyzed reaction 


Catalyzed reaction 
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The preparation of oxygen by heating a mixture of manganese 
dioxide and potassium chlorate is another example where inter- 
mediate compound formation has been suggested according to the 
following sequences of reactions; manganese dioxide acts as a 
` catalyst. 


2Mn0O24-2KCIO; 22K MnO4+Cl2+ O2 
2KMnO4=K2MnO4+ MnO;4- O2 
K2Mn04+Ch=2KCI+ Mn0O2+ O2 


"The above mechanism is supported by the fact that oxygen thus 
"produced is always contaminated by a small quantity of chlorine. 


_ The intermediate compound formed has a very low stability and 
‘therefore, cannot be isolated in most of the cases. 


` (2) The adsorption theory. There are many reactions between 
‘gaseous substances which take place in the presence of a solid 
catalyst. These reactions fall under the category of heterogeneous 
catalysis. Some reactions which were at one time thought to be 
completely homogeneous have been found to take place at least 
partly on the walls of the containing vessel. For example, the com- 
bination of ethylene and bromine is inhibited if the interior of the 
glass reaction vessel is coated with paraffin. On the other hand, if 
the vessal is coated with stearic acid, the reaction occurs more 
rapidly. It has been suggested by Langmuir in 1916 that the cata- 
lytic action of a surface depends. on its adsorption of the reactants. 
The molecules of the reacting gases are adsorbed at different points 
on the surface of a catalyst. lhese adsorbed molecules may then 
combine to form an adsorbed activated complex which then decom- 
poses to form the products which are desorbed from the surface. A 
Surface reaction can usually be broken into following steps: 

(i) Diffusion of reactants to surface, 

(il) Adsorption of reactants at surface. 

iii) Chemical reaction on the surface. 

div) Desorption of products from the surface. 

(v) Diffusion, of products away from the surface 


The rate determining step is usually the step (iii) which is the 
slowest step. 


It has been observed that chemisorption plays an important role 
in the surface catalysis. The stronger forces are operative in chemi- 
‘sorption which tend to bring about a partial loosening of the bonds 
in the adsorbed reacting molecules and a very small energy is re- 
:quired to form the activated complex for the reaction. 

It has been found that there are some active centres on the surface 
of a catalysts where the adsorption takes place, X-ray studies of 
catalysts show that there are unsatisfied forces present on the surface 
of a catalyst, which can be used to attach molecules. The surface 
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of a nickel catalyst may be represented as follows: 


Nie 

Perils B 

—Ni—Ni— —Ni— 

l. | ERN SS BPA 
—Ni— —Ni— —Ni—Ni—Ni—Ni— 


| amnu Mein 
NN Nc NN NI-NCN 
Jess | 
—Ni—Ni—Ni—Ni—Ni—Ni—Ni—Ni—Ni— 
belles onse esed Fus sae | 

Isolated nickel atoms and discontinuities probably act as active 
centres. This explains the enhanced catalytic activity of finely 
divided catalysts. : 

Promoters, The activity of a catalyst can be enhanced by mixing 
it with a small quantity of a material which itself is non-catalytic 
or a feeble catalyst. This substance is called a promoter. Numerous 
examples of promoter action are known and several of them are of 
industrial importance. For example in the Haber's Process for 
the synthesis of ammonia, the mixed catalysts of composition 
Fe-- AlOs4- K20 are very aclive. The small amounts of aluminium 
and potassium oxides promote the activity of the catalyst iron. 


The promoter action can be explained by suggesting that the 
promoter increases the number of active centres of, the catalytic 


surface. 
18.6. CATALYTIC POISONING 


There are certain substances which, if present even in small quanti- 
ties, are sufficient to diminish the rate of the reactions. These subs- 
tances make the catalyst useless and are termed catalytic poisons. 
For example, in the manufacture of sulphuric acid by contact pro- 
cess, activity of the platinum catalyst is very much reduced if some 
arsenious oxide is present as impurity in sulphur dioxide and 
oxygen. The decomposition of hydrogen peroxide by colloidal 
platinum is paralysed by hydrocyanic acid. The activity of iron 
catalyst in the manufacture of ammonia by Haber’ process is reduc- 
ed if nitrogen and hydrogen gases are contaminated with carbon 


monoxide. 


The reason for th» poisoning of catalysts in probably due to the 
preferential adsorption ofthe poison on the active centres of the 
catalyst. This renders the catalyst useless.’ The poisoning of the 
catalyst may be temporary or permanent. If the poison is held on 
the surface of the catalyst by physical forces, the poisoning is tem- 
porary and can be removed by removing the poisons. But, if the 
poison is held on the surface of the catalyst by strong chemical 
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forces, the poisoning is permanent. In such cases, activity of the: 
catalyst can be re-stored only by chemical rejuvenation. 


The poisoning of the catalysts has proved very useful in many of 
the cases. For example, addition of lead tetra ethyl to petrol in an 
internal combustion engine minimises the *knocking" effect. Simi- 
Jarly, the oxidation of sodium sulphite to sodium sulphate by oxygen 
gas can be prevented by adding a small quantity of alcohol, 
aniline or benzaldehyde. Decomposition of hydrogen peroxide can 
be slowed down by adding a small amount of acetanilide or glyce- 
rine. The slowing down of the speeds of the reactions by the 
addition of some foreign substance is referred to inhibition or negative 
catalysis. 


18.7. AUTOCATALYSIS 


There are certain reactions in which one of the products formed 
during the course of the reaction catalyze the reaction. For exam- — 
ple, in the titration of oxalic acid by potassium permanganate, it has 
been observed that when first portion of permanganate is added to ~ 
hot oxalic acid, the reaction is slow and it takes some time for the 
decolorisation of permanganate. However, the second portion and 
succeeding portions of permanganate are decolorised quickly. This. 
is due to the presence of manganous ions formed dnring the course 1 
of the reaction. 


2KMn0,+3H:S04 -> K28044-2MnSO.44-3H204- 5[O] 


COOH 
S[O]4-5 | '+ 10C02+5H20 
COOH 


Similarly, in the action of nitric acid on copper, the reaction is slow - 
‘in the beginning but becomes fast as soon as nitrous acid is formed - 
during the course of the reaction. 3 


. This phenomenon in which one of the products of the reaction. 
itself acts as a catalyst is known as auto-catalysis. E 


PROBLEMS 


1. What are the characteristics of a catalyst? Discuss the influence of cata~ 
lysis on chemical reactions. j 


A 2. Discuss the mechanism of homogeneous catalysis giving suitable exam 
les. 


3. Discuss the catalytic role of acids and bases in the mutarotation of 
glucose. | 


4. Give a brief account of heterogeneous - katie cuts a M 
its applications to chemical industry. ysis with special refere 


; 5. Explain giving examples of the following terms: 
(a) Catalytic poisons 
(b) Action of promoters 


"CATALYSIS 533 


(c) Active centres 

(d) Auto-catalysis 

(e) The specific nature of catalyst. 

6. Write short notes on the following: 

(a) Intermediate compound formation theory 

(b) Adsorption theory for heterogeneous catalysis. 


7. In what respects does the enzyme catalysis differ from and resemble hetero- 
geneous catalysis? 


Chapter 19 


COLLOIDS 


19.1. INTRODUCTION 


A solution consists of two components—a solute and a solvent. If 
a solution of ferric chloride is poured into boiling water, a.clear 
deep brown liquid is obtained. The change in colour shows that a 
chemical reaction has occurred; in fact ferric oxide has been formed. 
Tbe latter is practically insoluble in water and would normally 
precipitate but if formed under the right conditions, it may remain 
dispersed throughout the liquid in the form of very small particles. 
The presence of these particles is shown by the colour but they are 
not large enough to cause the liquid to appear cloudy. This is an 
example of a colloidal system. In ordinary true solution, the solute 
is dispersed throughout the solvent in the form of single molecules 
. orions. On the other hand, a suspension contains particles that are 
large enough to be seen by the naked eye or through the microscope. 
Colloids occupy an intermediate position between true solutions on 
one hand and suspensions on the other. 


The word colloids is of Greek origin; the Greek word Kolla, 
meaning ‘‘glue’’. Thomas Grahm is usually regarded as the founder 
of Colloid Science. 


It is obviously impossible to draw a boundary: line between true 


solutions and colloidal solutions. Colloidal behaviour can be. 


connected with greatly increased surface area compared with the 
volume as the size is reduced. The essential properties of colloidal 
dispersions can be ascribed to the fact that the ratio of surface-area 
to volume of the particles is very large. In the true solution, the 


` system consists of one phase only and there is no true surface of: 


separation between the molecular particles of solute and solvent. 
The size of particles in Colloidal state ranges between 5 mp.—200 my. 
Ostwald regarded colloidal systems as heterogeneous in character, 
consisting of two phases: (i) Disperse phase and (i) Dispersion 
medium. 

Disperse phase refers to the phase forming the particles. 

Dispersion medium is the medium in which dispersion of the 
particles takes place. 

The colloidal dispersions are thermodynamically unstable and tend 
to coagulate and precipitate on standing unless suitable precautions 
are taken. Since both the disperse phase and dispersion medium 


| 
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may be solid, liquid or gaseous, there can be several different types 
of colloida] system. No example of colloidal dispersion of one gas 
in another gas is known. Various types of colloidal dispersions 
known are given in Table 19.1. 


TABLE 19.1. kg 
Types of colloidal dispersions 


Dispersion Disperse Phase Name Examples 
medium 
Gas Gas — Unknown 
Liquid Aerosol Fogs, mists, clouds 
Solid Aerosol Smokes 
Liquid Gas Foam Whipped cream. 
Liquid Emulsion Dispersion of water in oil 
or oil in water $ 
Solid Sols AgCI, Au, As,S; or S, in 
water 
Solid Gas Solid foam 
Liquid Gels Jellies, minerals with liquid 
Solid ed Glasses coloured with dis- 


persed metals, ruby, glass 


19.2. CLASSIFICATION OF COLLOIDS 


Colloidal solutions are known as sols. If the dispersion medium 
is water, they are called **hydrosols" or sometimes ‘‘aquasols.”” If 
in a liquid as-dispersion medium, the disperse phase is liquid, the 
colloidal solution is known as emulsion. 


Dispersion of solids in liquids can be roughtly divided into two 
categories lyophobic and lyorohilic sols. Lyophobic (solvent hating) 
sols have little attraction between the disperse phase and dispersion 
medium. These are relatively less stable as compared with lyopbilic 
sols. On heating'or cooling the lyophobic systems, solics are obtain- 
ed which cannot be reconverted into sols either by adding sol- . 
vent or by warming. Typical examples of this category of colloids 
are sols of metals, sulphur and silver halides. Lyophilic (solvent 
loving) sols on the other hand are systems in which the disperse 
phase shows some definite affinity for the medium. Lyophilic sols. 
are generally reversible and behave like true solutions to.some 
extent e.g, gums starches and proteins. These substances are 
absorbed by the disperse phase and are stabilised by strong solva- 
tion. Some of the important characteristics of lyophobic and 
lyophilic sols are listed in Table 19.2. 
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TABLE 19.2. 
Characteristics of lyophobic and a lyophilic colloids 


Lyophobic colloids 


Lyophilic colloids 


. Theseare generally unstable, get 
easily coagulated on adding elec- 
trolytes. 


2. Irreversible in character. 
3. Prepared by indirect methods. 


^. Viscosity of colloidal dispersion 
is same as that of the solvent. 


5. These are generally inorganic 
materials /.e. metals, sulphides 
and oxide sols. 


6. Carry electric charge and stabi- 


1 Verystable and are not easily 
coagulated by electrolytes. 


2. Reversible. 
3. Usually prepared by simple solu- 


tion methods. 


4. These are highly v scous systems. 


5. Mostly organic materials e.g., 


starch, proteins, y ums eic. 


6. Carry little or no charge. 


lity depends on Zeta potential. 


19.3. METHODS OF PREPARATION OF COLLOIDAL 
SOLUTIONS 


Certain types of small molecules are capable of associating in solu- 
tion as a result of their mutual intermolecular interactions to form 
clusters or aggregates of colloidal dimensions, known as association 
colloids or micelles. Some important substances which behave in 
this way are surface active agents, certain dyes (methylene blue) 
and phospholipids (lecithins). Since solutions of macromolecules 
and association colloids are tru* solutions and are thermodynami- 
cally stable, they are formed spontaneously on mixing the solute and 
the solvent, and their preparation presents some problems. Examples 
include the preparation of aqueous solutions of. proteins. dextring 
starch and the reconstitution of blood serum and plasma. The 
preparation of concentrated solutions of agar and gelatin requires 
heating and such solutions form gel on cooling. 


There are two ways in which colloidal sizé particles can be obtain- 
ed: (a) by building up the particles from single molecules. The 
methods under this category are known as Condensation or Aggre- 
gation Methods, (b) by disintegrating down the bulk material to the 
‘colloidal particles. Methods under this category are known as the 
Dispersion Methods. 


In preparing a colloidal solution, care must be exercised to see 
that the vessels used should be thoroughly clean and the materials 
used should be pure. 


: Condensation methods, A ‘supersaturated solution of the dis- 
perse phase i$ prepared in the dispersion medium by carefully 
controlling the temperature and keeping the concentration of dis- 
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perse phase to be low. The various methods used here are: 


(i) Reduction method. It has been used to prepare sols of 
metals e g., gold, silver and platinum. Thé method involves the reduc- 
tion of solutions of their soluble salts or oxides using different re- 
ducing agents. The reducing agents employed for the purpose are 
formaldehyde, hydrogen, carbon monoxide, hydrazine, hydroxyla- 
mine, tannin etc. Ostwald prepard colloidal gold solution by reduc- 
ing gold chloride. A few drops of 0.1 per cent gold chloride solu- 
tion were added to 100 ml of distilled water. The gold chloride was 
neutralised with calculated amount of potassium carbonate. A few 
drops of 0.1 per cent tannin were added and the solution was 
‘warmed when a cherry-red gold sol was produced, Tannin has also 
'got some protective action. 


(ij) Oxidation method. Colloidal sulphur may be prepared by 
the oxidation of hydrogen sulphide. Hydrogen sulphide is passed 
into a solution of sulphur dioxide in water until all the odour of 
‘sulphur dioxide has been removed, Sulphur sol is produced accord- 
ing to the following reaction: 


2H2S+SO2=2H20+3S 


(iii) Ionic equilibria method. When a solution of silver nitrate 
is added to a very dilute solution of a chloride, the solution be- 
comes slightly cloudy but no precipitate forms. The reaction can 
be symbolised as follows: 


Agt+Cl-=AgCl(s) 


Arsenious sulphide sol is obtained by mixing ‘solutions of hydro- 
gen sulphide and arsenious oxide: 


2As3+-+ 3S2-=As2S3(s) 


(iv) Hydrolysis method. This method is used for preparing 
oxide and hydroxide sols. Ferric oxide sol can be prepared by pour- 
ing a solution of ferric chloride into a large volume of boiling 
water, the reaction being 


2FeCl3 ++ 6H20=Fe203.3H20+ 6HCI 


(v) Exchange of solvent method, In general if a substance A is 
soluble in B but insoluble in C, the colloidal solution of A can be 
prepared if a solution of A and B is added to an excess of C; the 
two solvents being miscible with each other. 


Sulphur is slightly soluble in alcohol but practically insoJuble in 
water. Sulphur sol can thus be prepared by pouring a saturated 
solution of sulphur in ethanol into water. 


Disperson methods, (i) Bredig's arc method. This. process 
consists in striking an electric-arc between wires of platinum, gold or 
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silver immersed in water as shown in Fig. 19.1. At high tempera- 
ture, the arc causes (he metal to vaporise and the vapors are con- 
densed by water to form colloidal particles. Traces of sodium 
hydroxide or potassium carbonate are necessary for the stability of 
the colloidal dispersion. The vessel is cooled in ice. The method 
was.used by Bredig to prepare sols of gold and platinum. 


(ii) Mechanical dispersion method. This consists in breaking 
the material down to the colloidal size. The solid and dispersion 
Metal electrodes medium are fed between grind- 
ing surfaces, usually concentric 
conesrotating at a high speed 
(27,000 revolutions per minute) 
This device is known as ‘‘col- 
loid mills.” 

(ii) Peptisation method. It 
has been found that ionic solids 
containing a small concentra- 
tion of a common ion tend to 
break up spontaneously into 
colloidal particles. This pro- 
cess is known as peptisation. 

Fig. 19.1. Bredig's arc method, For example, a precipitate of 

i ‘ silver iodide can be peptised by 
Sekine with a dilute solution of either potassium iodide or silver 
nitrate. 


19.4. PURIFICATION OF COLLOIDAL SOLUTIONS 


A sol prepared by any one of the above methods very often contains 
other materials besides the colloidal particles. It is often desirable 

«to remove these impurities, particularly when they are electrolytes. 
as they reduce the stability of the sol. 


; The methods used for the purification of a colloidal solution are: 
(i) Dialysis, and (ii) Ultrafiltration, 


, (i) Dialysis. This method makes use of the fact that there is a 
significant difference in size between colloidal particles and the 
dissolved molecules or ions. The sol is placed inside a dialyser 
which consists of a vessel open at both ends. The one end can be 
covered by a parchment or cellophane membrane. The dialyser is 
nearly filled with the colloidal solution and suspended in a vessel 
containing distilled water. Crystalloid gets through and the col- 
loidal particles are retained. The water in the tank is changed 
periodically or continuously. Graham's dialyser used is shown in 
Fig. 19.2. The process of dialysis can be quickened by applying an 
electric field. This process is called electro-dialysis and is shown in 
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Fig. 19.3. The colloidal 
solution along with the 
„unwanted electrolyte is . Water 
placed between two dia- ` : 
lysing membranes and 
pure water in a com- 
partment on each side. 
Whena high potential 
is applied, the ions mi- 
grate into the water 
leaving the pure colloi- 
dal solution. 

The process of dialysis à 
depends. essentially on Fig. 19.2. Dialysis. 


the character of the ag- 
gregates involved, the nature ofthe fluid and the semipermeability 


of the membrane. The various dialysers which are used are cellulose 
nitrate and cellulose acetate membranes. 


Solution 


Parchment 
membrane 


. (ii) Ultrafiltration, This is another important method for puri- 
fying sols. The process of ultrafiltraticn is similar to the filtration 
of an ordinary precipitate except with the difference that the mem- 
brance used here is designed in such a way that it will permit the 
passage of only electrolytes and medium, and not of colloid particles. 
Colloid particles thus can be separated in the form of a slime from 
medium containing electrolytes. Such membranes are made by 
impregnating ordinary filter paper with collodion or a regenerated 
cellulose such as cellophon or visking. Other such membranes can 
be unglazed porcelain and finely sintered glass. Since. ultrafiltration 


Water Dialysing 
<p: 


Solution 


Fig. 19.3. Electro-dialysis. 


membranes are of delicate constitution and can be easily broken, 
they are generally supported on wire screers particularly when the 
liquid is being passed through them under pressure. Ultrafiltration 
being a slow process can be quickened by using pressure or suction, 
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dunk an instrument called the **Ultramicroscope'"' as is shown in 
ig. 19.4. 


“Ate lamp [ 
Slit 


Fig. 19.4: Arrangement of ultramicroscope. 


Assuming the colloidal particles to be spherical in shape and the 
"density of the substance in the colloidaistate to be the same as in 
the bulk, we can calculate the mean radius r of the particles _using 


. tthe relation 
ti "i 3bv 
ug Anno 


"where b is the number of grams of the dry substance present per c.c. 
-of the colloidal solution. The number of particles n present in v c.c. 
ofthe solution is determined using the ultramicroscope, p is the 
"density of the dry substance. 
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Wiener suggested that in colloidal particles, the Brownian motion was- 
arising out of molecular motion. 
The small colloidal particles are 
knocked about by collision with 
the molecules of the dispersion 
medium. 

(iii) Electrical properties of 
colloids. All sol particles are „~< 
found to be electrically charged. 
When a hydrophobic sol is placed 
inan electric field, the particles Fig. 19.5. The Brownian 
move in one direction or another. movement. j 
This slows that, the colloidal 
particles are electrically charged with respect to the dispersion 
medium. This motion of colloid particles under the action of an elec- 
tric field is called electrophoresis. The potential 
gradient in volts per cm can be derived from the 
applied EMF and the dimensions of the 
apparatus, An electrophoretic apparatus employ- 
ed for this purpose is shown in Fig. 19.6. 
It consists of a U-tube of the form shown. 
It is filled with ferric hydroxide sol, and then 
distilled water is.poured. A high potential is. 
applied between electrodes placed in the water, 
the boundary between the colloid and the dis- 
tilled water begins to move towards the cathode. 
This movement of collcid particles under the 
action of electric field shows that colloids are 
charged particles. A large majority of sols are 
negatively charged; some of the common exam- 
ples are metals, metallic sulphides, sulphur, clay, 
cotton, paper and silicic acid. The positive col- 
loids in water consists of a few of the matallic 
hydroxides and certain dyes. 


The velocity of particles under a fall of potential 1 volt per cm is 
known as the electrophoretic mobility. It has been found that the 
electrophoretic mobility for aqueous sols always lies within the 
range of 2 to 4x 10-* cm per sec. Now the question arises, in what 
way does the charge on the colloidal particles arise? Earlier it was. 
thought that the charge was caused by friction, but this has not 
proved to be the correct explanation. It has been frequently observed 
that small quantities of electrolytes are necessary for the stability ` 
of colloidal systems. They become unstable if the electrolytes are 
removed by dialysis. It appears, therefore, that traces of ions. 
present in the sol are respor.sible for both the charge and the 
stability of the colloidal system. This suggests that the charge is due 
to the adsorption of ions from solution, the surface of the particles 
becoming covered with a layer of adsorbed ions. For example in a 
ferric hydroxide sol if there is an excess of Fe?* ions in the solution, 


Fig. 19.6. Electro- 
phoretic apparatus. 
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they are adsorbed and produce positively charged particles but if 
under suitable conditions there are excess of OH- ions, then these 
are absorbed and the sol is negative. š 


The origin of the-charge on the colloid particles is still a matter 

' of some doubt. As a first step, 

sol particles are hydrated in © © ©) Q 

a sort of complete envelope of 

water molecules. : 
The oppositely charged ions : i 

present in the solution will be + pin "o © 

' attracted by the colloidal parti- 

cle and an electrical double 

Jayer is formed as shown in 


Fig. 19.7. e © © (OO 


This is similar to the one i © 
produced when d metal is in i 
‘contact with a solution of its hoeta- H 
ions. A potential developed potential 
between the surface of the Fig. 19 7. Origin of the.charge 
particle and the solution is on the colloidal particle. 


known as the zeta potential. 3 

It is this potential that determines the Speed of the particles. The 
presence of the electrical double layer renders stability to the sol 
particles. 


Electro-osmosis. In the study of electrophoresis, if the colloidal 
particles are kept still and only the dispersion medium is allowed to 
move the phenomenon is known as electro-csmosis; The apparatus 
used is shown in Fig. 19.8, 


It consists of a U-tube having its one limb closed with a tap and 
provided with a sealed capillary tube C. D is a porous diaphragm 


WZ. 


- Fig. 19,8. Apparatus used for electro-osmosis, 


Q 


which divides the main compartment into two sections. In each 
Section is placed an electrode as well as portions of the liquid phase. 
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When an electrical pressure is applied to the electrodes, the solid 
phase cannot move but the movement of the liquid phase can be 
observed as the liquid rises in 7. The rate at which the dispersion 
medium moves can be measured in terms of the rate of movement 
of the liquid in capillary C. 


19.6. PRECIPITATION OF COLLOIDS BY ELECTROLYTES 


Numerous terms have been used to denote the process of destroying ` 
the colloidal state and causing the dispersed phase to combine in 
larger aggregates. Precipitation is the most general term which 
implies, “to separate from a solution,” The precipitation of a sol 
by adding an electrolyte was investigated by Hardy and Schulze. 
"There are two features of the Hardy-Schulze rule, first the ion which 
is effective in causing precipitation of a sol is the one whose charge 
is of opposite sign to that of the colloidal particles; the second 
feature states that the precipitating efficiency increases with the 
increasing valence of the precipitating ion. ; 


In order to determine the precipitating value of ions, equal 
volumes of a certain suspension are precipitated by solutions con- 
taining the ions under similar conditions of concentration and stir- 
ring etc. The precipitating values of some electrolytes on the same 
colloidal suspension are given in Table 19.3. 


There have been several attempts to arrange ions in a series 
according to their precipitating powers but it is found that such a 
grouping. holds only for the precipitation of a specific sol, and even 
then a change in physical conditions may upset the series, One such 


TABLE 19.3 
Equal volumes of the same sol are used with the necessary 
amount of electrolyte to precipitate 


Substance in Charge of Electrolyte Millimoles of electrolyte 
suspension suspension added for precipitation 
As:Ss Negative NaCl ; 58.0 
KCI 50.0 
MgSO, 0.81 
CaCl, 0.65 
AICI, 0.093 
Al (NOs)s 0.095 
Th (NO), 0.090 
NaCl 9.2 
KBr 12.0 
BaCl, 9.6 
FeO; Positive K,SO, 0.20 
MgSO, ^ 022 


K,Cr,0, Y 0.19 
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series, known as Hofmeister or the lyotropic series, shows the effect 
of certain anions of neutral salts upon the precipitation of proteins 
and is given below: 


SCN^-I —NO; >Br —CI-- Acetate? Citrate> Tartrate>SO.2- 


Sometimes, the precipitation of a colloidal suspension may be 
done by physical methods, i.e., stirring, shaking, boiling or freezing 
the sol. 


19.7, THE STABILISATION OF THE COLLOIDAL STATE. 


This process-consists jn an attempt to neutralise or render ineffective 
the forces and conditions by which precipitation can te brought 
about. For example if a stable organic colloid, such as gelatin is 
added to a metal sol, the latter may be prevented from precipitation 
on the addition of an electrolyte. The addition of a lyophilic subs- 
tance to a lyophobic sol usually renders the later less sensitive to 
the precipitating effect of electrolytes. The substances that are com- 
monly used as protective colloid include gelatin, albumin, agar, 
casein, gum arabic, glue, starch etc, 


Sols of gold and other metals, dyes, ink etc. become very stable in. 
presence of some stabilisers added in small amounts. Zsigmondy 
introduced the term **gold number" to measure the protective action 
of colloids. : 5 $ 


The number of milligrams of the protective colloid that. just 
prevents the change of colour when 1 cc of the standard salt solution 
is podes to l0 cc of the standard gold sol is known as the gold’ 
number. : 


It should be noted from the above definition that the protective 
colloid having the least weight, that will prevent the change of colour 
of the gold sol, has the greatest protective value. It may be noted 
that gold number is not a very accurate constant for a colloid. The 
reciprocal of gold numbers are used to express the direct protective 
ratio. The values of gold numbers and reciprocal gold numbers.for 
Some substances are given in Table 19.4. 


- TABLE 19.4, 
Gold numbers and reciprocal gold numbers of certain 
substances _ ot 

Protective colloid Gold number Reciprocal gold 
number 

Gelatin 0.005—0.01 200.0—100.0 

Dextrin 6,0—20.0 0.17—0.05 

Gum arabic 0.15—0.5 6.7—2.0 

Albumin — ' = 0.1—9.2 10-5.0 


Potato starch 25 0.04 
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Protective action is a very important phenomenon. It enables 
colloids to be kept for a long time when otherwise spontaneous. . 
change would take place. Carey Lea prepared Silver sols by reducing: 
silver nitrate with mixtures of ferrous sulphate and sodium. citrate.. 
It contains 99 per cent silver. Such sols are used in medicine for 
intravenous injection ot as an ointment, 

In the preparation of ice cream, little gelatin when added asa 
protective colloid gives the cream a smooth paste. Besides gold 
number, the iron number in which sols of Fe20; are used and the 
rubin number, which involves sols of congo red, have also been 
introduced to measure the protective characteristics of substances. 


19.8. EMULSIONS 


An emulsion is a liquid-liquid Suspension, that is small drops of 
one liquid dispersed in another liquid. Emulsions are of very com- 
mon occurrence in. nature, the common examples are milk and 
mayonnaise. In most emulsions, one of the liquids is water and the 
other liquid is immiscible with water Such as an oil or fat. When 
aniline is distilled in steam or an organic liquid, in alcohol or 
acetone be poured into excess of water, we get the emulsion **oil in 
water" type. In this case we have a few drops of oil dispersed in 
water. The term '*oil" is used to represent the organic substance 
insoluble in water. If on the other hand, water is in the form of 


The various deviations from this ideal behaviour are ; 

O Breaking or cracking. This involves coalescence of the dispersed 
DO and produces eyentual separation of the emulsion into two 
phases. i ; 

(ii) Creaming. This involves the concentration of the dispersed 
globules in either the upper or lower layers ofthe emulsion. It is 
caused by the influence of gravity on the globules since they usually 
have a different density from that of the continuous phase. 

(iii) Coagulation or flocculation. This involves globules aggre- 
ating into loose masses within the emulsion. The globules do not 
coalesce and may be redispersed on shaking. Thus flocculation is 


The properties of emulsions are influenced by the effectof impuri- 
ties and added substances due to interfacial tension. The emulsi- 
fying agent reduces the interfacial tension. The most commonly 
used emulsifying agents are soap, long chain sulphonic acids 
and sulphates which are classified as detergents. The cleansing 
action of soap can be ascribed to the formation of an emulsion 
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with oil, grease and water. Emulsions are usually opaque 
owing to the difference in refractive index betweea the two liquids 
and the droplets in emulsion are often negatively charged. 
Emulsions may be broken into two separate liquid layers by the 
process known as demulsification. The conversion of cream into 
butter by churning is an example of demulsification. 


19.9. GELS 


There are some sols that have a high concentration of dispersed 
solid and change spontaneously into a semi-solid form known as a 
gel. For example, gelatin dissolves in warm water forming a 
colloidal solution which when cooled sets to a jelly. Gels are formed 
by the interlocking of the dispersed particles in the form of a loose 
framework inside which liquid dispersion medium is contained. 
On the basis of their mechanical properties, gels can be classified 
into three. types. 


(i) Elastic gels, They possess the property of elasticity, t.e., their 
shape is altered by applying a small force and is restored to the 
original shape when the force is removed. The examples of elastic 
gels are starch, gelatin, fruit jam and jellies. The molecules are held 
up by electrostatic forces between the ionised or polar groups. 


(ii) Rigid gels. The best known example of this type is that of 
silicic acid, known as silica gel. A network of chemical bonds 
gives them a rigid structure. 

(iii) Thixotropic gels. Such gels become semi-solid when at rest 
but become liquid when vigorously agitated. Kieselguhr and water 
form a thin paste when tilted slowly. The mixture does not flow but 
flows readily on shaking Solutions of some high polymers: exhibit 
these properties. These are held up.by weak attractive forces. 


The term gel represents a physical state with properties inter- 
mediate between those of solids and liquids. The gels should satisfy 
the following criteria: j 


(i) They are coherent colloidal systems of at least two components 
(the gelling agent and a fluid component). 


pl They exhibit mechanical properties characteristic of the solid 
state, 

(iii) Each component is continuous throughout the system, 

These criteria are fulfilled by gelatin, agar and bentonite gels in 
which the fluid component is aqueous, and by soft paraffin in which 
the fluid component is an organic liquid. 


Many gels shrink if the fluid component is removed e.g., by 
evaporation or freeze-drying. The remaining solid which will 
swell and reform the gel on contact with fresh fluid component is 
termed a Xerogel. Gelatin sheets, acacia tears, starch grain and 
leather are all xerogels. 
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The Structure of Gels à 

The rigidity of a gel arises from the presence of a network formed 
by the interlinking of particles of the gelling agent. The nature of 
the particles and the type of force that is responsible for the linkages 
determines the structure of the network and the properties of the 
gel. 


The individual particles of a hydrophilic colloid may consist 
of either spherical or anisometric aggregates of small molecules or 
single macromolecules. The forces of attraction responsible for the 
linkages between gelling agent particles may range from strong 
primary valencies, as in silicic acid gels, to weaker hydrogen bonds 
and van der Waals forces: The weaker nature of these latter forces 
is indicated by the fact that a slight increase in temperature: often 
causes liquefaction of a gel: Systems that exhibit this type transition 
such as agar and gelatin gels are termed as thermal gels. In addi- 
tion the transition from gel state to:a colloidal dispersion may in 
some cases be brought about by mechanical agitation. The systems 
exhibiting such type of transition are called thixotropic gels. The 
‘common examples are bentonite and aluminium hydroxide 
gels. 


Properties of Gels 


(i) Swelling. If a xerogel is placed in contact with a liquid that 
solvates it, then an appreciable amount of the liquid is often taken 
up and the volume of xerogel increases, This is called swelling. The 
degree of swelling depends on the number of linkages between 
individual molecules of gelling agent and on the strength of these 
linkages. For example in a protein xerogel, swelling is at a mini- 
mum at the iso-electric point of the protein because the intermole- 
cular linkages are strongest at this point and, therefore offer more 
. Tesistance to swelling. The presence of ions influence the degree of 
swelling. 


(ii) Syneresis. Gel will often contract spontaneously and exude 
some of the fluid medium. This effect is known as syneresis and the 
degree to which it occurs usually decreasesas the concentration of 
the gelling agent increases. Blood clot is a common example of a 
system that exhibits syneresis. 


(iii) Ageing. Colloidal systems usually exhibit slow spontaneous 
aggregation. This is referred to as ageing. In gels, ageing results in 
the gradual formation of a denser network of gelling agent. 

(ir Rheological properties. Gels exhibit the mechanical 
properties of rigidity, tensile strength, and elasticity that are charac- 
teristic of solids. In thixotropic gels, these effects are only apparent 
below the yield value, above which the system exhibits the flow 
properties of suspensions. Å 


Application of Gels 
Gelatin gels are employed in the preparation of hard and soft 
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capsules that may be used to mask the unpleasant tastes of solids. 
and liquids. Agar and gelatin gels are used as solid media for the 
culture of micro-organisms. The diffusion of antibiotics, antiseptics, 
vitamins and enzymes through solid culture media is used in micro- 
biological assay of these materials. 


19.10. APPLICATIONS OF COLLOIDS 


There are a number of important processes in which colloids play an 
important role. 


(a) A very useful application is in Cottrell precipitation, as puri- 
fication process for industrial smoke. The air near the factories. 
and industrial plants is frequently contaminated with smoke and 
gases which result from the manufacturing processes. The smoke 
is laden with colloidal particles, such as cement dust, arsenic com- 
pounds and metallic powder, which are ‘irritating and even poiso- 
nous. The Cottrell precipitator (Fig. 19.9) removes colloidab 
particles from the flue gases by means of electrical precipitation. In 
the Cottrell precipitator, flue gases are passed over wires main- 
tained at high voltage where suspended particles acquire an electric 
charge. A collecting plate of opposite charge attracts the charged 
Particles which loose their charge and fall to the bottom. The air 
pollution is thus reduced to a minimum. 


Dust free gases 
uunc A 


Charginc electrode 


carrying dust DAD 


Fig. 19.9. Cottrell precipitator. 


(b) Leather tannin is a process which utilises colloidal proper- 


COLLOIDS A 1 549 


ties. Raw hides contain giant molecules arranged in long tangled 
‘fibres. Tanning materials which include tannin and compounds of 
‘chromium and aluminium are in colloidal state and the positively 
charged protein fibres adsorb negative charges from these metallic 
ingredients. 


(c) In textile dyeing, colloidal substances called mordants are 
used to fasten dyes. 

(d) In purification of water, aluminium sulphate and lime are 
added to form a flocculant precipitate of aluminium hydroxide. 
This precipitate will adsorb very fine particles of clay or other 
suspended matter and carry them to the settling tanks or basins, 
The reaction can be symbolised as 


Al,(SO4)3-+3Ca(OH)2=2AI(OH); | -+ 3CaS04 


(e) Formation of Deltas. Extensive deposits of silt or clay formed 
at 'the mouths of rivers by colloidal action are called deltas. 


(f£) The cleansing action of detergents is due to former's emulsi- 
‘fying properties. They form an emulsion with oil and dirt particles 
in water. 


(g) Sewage usually contains considerable amounts of deflocculat- 
ing substances such as soap, organic matter and the like which tend 
to keep it full of colloidally dispersed particles. The successful 
treatment of sewage, backwaters and trade efflvents involves the 
separation from them these colloids by coagulation, adsorption, 
‘filtration or destruction (usually by bacteria in the septic tank). 


(h) Smoke screens consist of titanium dioxide particles dispersed 
‘in air, and are used in warfare for the purpose of concealment. 


(i) **Fire-foam"' is a carbon dioxide froth made by mixing solu- 
tion of sodium bicarbonate and alum. A protective colloid such as 
glue, dextrin or saponin is added to stabilise the foam and keep the 
"bubbles in finely dispersed foam. - 


(j) Colloids are of great importance in living systems, for 
protoplasm itself is a gel. It contains considerable amount of 
protein, glycogen and phospholipid; all are lyophilic materials. 
Molecules of these substances exhibit imbibtion, that is they attract 
water strongly and so firmly that the water is said to be bound. 
"This water cannot even freeze. When the particles in colloids 
rearrange and force some of the bound water out, syneresis is said to 
occur. In the digestive track, bile salts serve as agents to convert 
temporary aqueous oil emulsions to more permanent ones. It has 
been suggested that the efficiency of certain substances used in 
pliarmaceutical preparations may be increased if colloidal forms are 
"used, since these havelarge surface areas; for example the adsorp- 
‘tion of toxins from the gastro- intestinal tract by kaolin and the rate 
of neutralisation of excess acidity in stomach by aluminium hydro- 
xide may be increased if these. compounds are used in colloidal 


- forms. ; 
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The use of colloidal iron and colloidal iodine is said to alter the 
effect of these compounds. 


Blood plasma substitutes are- colloidal dispersions in which the 

` particle size is such that they are retained in the blood vessels for an 

adequate time. Colloidal gold, calcium and silver are used in 
medicines or as ointment. 


19.11. ADSORPTION 


When solids are allowed to remain in contact with a gas, a film of 
gas molecules accumlates on the surface. It was pointed out a the 
isorbed layer di i i t the 

A ed | discussion of surface tension tha 


molecular forces at the surface of a 

o o liquid are unbalanced or unsaturated 
[9) than in the bulk. Similarly, molecules. 

o or ions at the surface of a solid have 
[o] unsaturated or residual forces. Solid 
o and liquid surfaces, therefore, have a 
Ocas tendency to satisfy their residual 
[6] forces by attracting onto and retain- 
Oo ingon their surfaces, molecules of 
[9) o gases or other substances with- which 
o they come in contact. This results in 
Oo: higher concentration of molecules on 
Oo / the surface of a solid or liquid than in 


the bulk of the medium. This pheno- 
! x menon is known as adsorption. 

Io ea a dsorptioh xm The substance on which the adsor- 

ption takes place is known as the 

adsorbent and the substance which is adsorbed is known as adsorbate. 


The phenomenon of adsorption should not be confused with absor- 
Ption which refers to one material passing into the bulk of another. 
For example, water is absorbed by a Sponge and water vapors are 
adsorbed by anhydrous calcium chloride. On the other hand, water 
vapors are adsorbed by silica gel and acetic acid in solution is adsor- 
bed by charcoal. When one is in a fix to decide whether a particular 
process is adsorption or absorption, the term sorption is used which 
includes both absorption and adsorption. 


Figure 19.10 shows the adsorption of a gas on a solid surface. 
19.12. ADSORPTION OF GASES BY SOLIDS 


All solids adsorb gases to some measurable extent. The magnitude 
of adsorption of gases by solids depends on the nature of the solid 
and the gas being adsorbed, the state of subdivision (area) ofthe 
solid the temperature and the pressure of the gas. 
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It has been observed that those solids which have the largest , 
possible surface areas are very good adsorbing agents. 'In fact, 
larger is the surface area, greater will be the amount of gas adsorb- 
ed. The best adsorbents used in practice are various kinds of 
specially prepared carbon (wood, bone and blood charcoals etc.) 
They have large surface areas due to their exceptionally high 
porosity. In addition to various kinds of carbon, other good adsorb- 
ing substances are silica gel, alumina, kaolin and certain aluminosili- 
cates. The adsorption power of these substances can further be 
enhanced by a process called activation. During activation, the 
adsorbent is heated in steam or air atmosphere to about 1500"C. 
Heating drives out all impurities gasified at that temperature from 
the pores and leads to larger free surface for adsorption. Thus, 
activated charcoal at 24°C adsorbs 1.48 gram of carbon tetrachloride 
per gram of charcoal whereas before activation it, could adsorb only 
0.011 gram per gram of charcoal. i 

Gases which condense more easily are much more strongly adsorb- 
ed. Since it is difficult to determine the surface area of adsorbing 
agents directly, the mass of adsorbent is, generally taken asa measure 
of the surface available for adsorption. Hence adsorption is generally 
expressed as the amount of substance adsorbed per unit mass of 
adsorbing agents. 

The amount of adsorbed gas, as a rule. decreases with increase of 
temperature at a constant pressure anu i.i.reases with a fall in tem- 
perature. Hence, according to Le-Chatelier Braun principle, adsorp- 
tion cf a gas by a solid is accompanied by evolution of heat which 
is known as the heat of adsorption. This has been confirmed by 
direct experimental evidence. For every gas and solid, there is some 
definite heat of adsorption. 

The extent of adsorption increases with increase of pressure. 


19,13. TYPES OF ADSORPTION 


The type of force that holds the adsorbed molecules on the surface 
has a considerable effect on certain characteristics, in particular how 
tightly the molecules are held and whether the solid will adsorb’ 
certain substances more strongly than others. There are two types 


of adsorption: 


(a) Physical or van der Waals adsorption. 
(b) Chemisorption or activated adsorption. 


Physical adsorption. It is characterised by low heats of adsorp- 
tion of the order of 5 to 10 kcal per mol of the gas. The process of 
adsorption is.similar to the condensation of gas on liquid. This 
suggests that the forces by which the adsorbed gas molecules are 
held to the surface of the solid, are similar to the forces of coher- 
sion of molecules in the liquid state. A rise in temperature will 
increase the kinetic energies of molecules and the molecules will 
leave the surface thus lowering the extent of adsorption. Another 
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. characteristic of physical adsorption is that the adsorption equili- 
brium is reversible and is established rapidly. Physical adsorption is 
generally observed in the adsorption of various gases on charcoal 
and is independent of the chemical nature of the substance being 

_ adsorbed. j 

Chemisorption, In chemisorption, adsorption occurs by chemi- 

cal forceand a chemical bcnd is formed between the adsorbed 
molecule and the surface. Chemisorption is thus highly selective 
since Only certain types of molecules will be adsorbed by a parti- 
cular solid. This depends on the chemical properties of gas and the 
adsorbent. Chemisorption is accompanied by much higher heat 
changes from 10 kcals to 100 kcals per mole. These heat changes 
‘are of the same order as those involved in chemical reactions. 
Unlike physical adsorption, chemical adsorption is not reversible. 
Hydrogen is strongly adsorbed by the metals—nickel, iron and 
platinum. ; 
; In many cases, it has been observed that adsorption is neither 
physical nor chemical but a combination of the two. Some systems 
Show physical adsorption at low temperatures but as the temperature 
is raised, physical adsorption changes into chemical adsorption. 


19.14. ADSORPTION ISOTHERMS 


A plot obtained between the amount of substance adsorbed per unit 
mass of the adsorbent and the equilibrium pressure (in case of a gas) 
or concentration (in case of solution) at constant temperature is 
_ known as the adsorption isotherm. Five different types of adsorption 
isotherms have been observed in the adsorption of gases on solids. 
These.are shown in Fig. 19.11 on next page. 

p°=pressure required to condense the gas to liquid. 

Type I. Adsorption of Nitrogen on charcoal at —183°C. : 

Type II. Adsorption of nitrogen on Iron or silica gel at —195*C. 

Type III. Adsorption of Bromine or Iodine on silica gel at 83°C. 

Type IV. Adsorption of Benzene vapors on ferric: oxide gel at 


Type V. Adsorption of water vapors on charcoal at 100°C. 
In case of chemisorption, only Type I curves are obtained while 
in case of physical adsorption, all the five isotherms are Observed. 


19.15. EXPLANATION OF TYPE I ISOTHERM | 


The Freundlich adsorption Isotherm, To show the variation of 
the amount of gas adsorbed per unit mass of the adsorbent with 
pressure at constant temperature, Freundlich suggested an empirical 
equation which is known as Freundlich's adsorption isotherm. The 
equation is 


x fi 1 
m 7 ++. (19.1 


Amount adsuroed — T 


; 


Pressure —> Po Pressure — Po 


Fig. 19.11. Five types of adsorption isotherms. 


where x is the mass of gas adsorbed, m the mass of the adsorbent, 
p is the equilibrium pressure and k and n are constants which depend 
on the nature of the absorbate and adsorbent and on the tempera- 
ture. This equation is applicable only at low pressures. In order to 
test equation (19.1), take the logarithms of both sides, when it will 
take the form à 


log 3 —log k++ log p + = (192) 
According to equation (19.2), a plot of log Æ against log p should 
be a straight line with slope equal 
to $ and intercept ‘log k as $ | 


shown in Fig. 19.12. Niog X- 


It was found that the actual m 
plots were straight lines only at 
low pressures and showed a slight 
curvature at higher pressure, espe- 
cially at low temperatures. This 
indicates that equation (19.1) is : log P —> 
‘approximate and cannot be re- 
garded an equation of general Fig. 19.12. Freundlich's adscrp- 
‘applicability to explain adsorption tion isotherm. 
of gases by solids. 
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The Langmuir adsorption isotherm. Langmuir derived an 
equation from theoretical considerations for type I isotherms. He 
was the first to point out that in the chemical adsorption of a gas on 
a solid surface, a layer single molecule in thickness is formed. He 
proposed that adsorption process consists of two opposing actions— 
(i) condensation of molecules from the gas phase on the surface 
and (ji) evaporation of molecules from the surface back into the 
body of the gas. At equilibrium the two rates become equal. He 
derived an equation based on the following assumptions: 


(i) an adsorbent side adsorbs a layer single molecule in thickness; 
(ii) adsorption of other molecules on this side is restricted; 
(iii) there is no interaction between the absorbed molecules. 
Consider an adsorbing surface exposed to a gas. Molecules of the 
gas will strike the surface and stick for an appreciable time due to 


condensation while other gas molecules will evaporate from the 
surface due to thermal agitation. 


Let a fraction 0 of the adsorbing surface be covered by the adsorb- 
ed gas molecules at any instant. 


Then the fraction (1—9) of the surface will be bare and available 
for adsorpticn, 

If p is the pressure of the gas, then from kinetic theory of gases, 
rate of adsorption of gas molecules 


=kip(1—@) a (19,3) 
where ki is proportionality constant. 


The rate at which gas molecules evaporate from the surface will 
depend on the fraction of the surface covered by the gas molecules. 


Therefore, rate of evaporation of gas molecules 
=k26 «++ (19.4) 
where k2 is another proportionality constant. 
At equilibrium, the two rates must be equal so that 
kip(i—6)=k26 
k 
or [s ee ... (19.5) 


Dividing the numerator and denominator of the right hand side 
-of equation (19.5) bs k2, 


g= — Valkz)p 


bp $ 
or DES I 
Kon » + (19.6) 


J 
where b is another constant and is equal to ki/K;, 
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Since the amount of the gas adsorbed per unit mass of the ad- 
sorbent, y, is proportional to the fraction @ of the surface covered, 
i.e., 

yzk6 
where k is proportionality constant. 
Substituting the value of 8 from equation (19.6) 


kbp 
Y= bp 
ap 
“The Ta (19.7) 
where the constant a—kb. 

Equation (19.7) relates the amcunt of gas adsorbed to the pres- 
sure of the gas at constant temperature and is known as the Lang- 
muir Adsorption Isotherm. The constants a and b depend cn the 
nature of the system and on the temperature. 

In order to test this isotherm, equation (19,7) is rearranged so as 
to give 


E =.) (19.8): 
This equation is similar to an equation for a straight line. Hence 
if p/y is plotted against p, a straight line should be obtained with a 
| slope equal to b/a and intercept equal 
| to 1/a as shown in Fig. 19.13. 
| It was observed in numerous cases 
that actual curves were straight lines | 
thus verifying Langmuir adsorption 
equation. s | 

Consider two extreme cases of c 
Langmuir Isotherm: { 

Case I. When the gas pressure p is 
very small. p— 

Under these conditions, the factor Fig. 19 13. Langmuir adsorp- 
bp is negligibly small as compared to tion isotherm. j 
unity in the denominator of equation 
(19.7). This equation, therefore, becomes 
| y=ap 
| or yop +. . (19.9) 

which means that at very low pressures, the amount of gas adsorbed is 
directly proportional to the pressure. a 

Case I. When the gas pressure p is very high. 

Under these conditions, unity can be neglected in comparison to 
bp in the denominator of equation (19.7) and this equation becomes. 


oS Trig eek AO, 
Iy (19.10) 


«|o 
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which means that at very high pressure, the amount of gas adsorbed 
reaches a constant limiting value. ` 

This situation arises when the surface is nearly completely covered 
with a monomolecular layer at high pressures so that change in. 
pressure has a little effect on the amount of gas adsorbed. 

"Restriction. Langmuir equation is applicable for smooth, non- 
porous surfaces, which are not very good. adsorbents, and for low 
values of pressure. If the surface is a very good adsorbent and pres- 
sure is very high, there are chances of multilayer formation. 


19.16. TYPE II-V ISOTHERMS 


It was pinted out earlier that in physical adsorption, all the five 
types of adsorpsion isotherms are observed. Although Langmuir 
isotherm can satisfactorily explain type I isotherm, it altogether 
fails to explain all the five types of curves. It was proposed that in 
types II, and III, multilayer formation takes place especially as the 
gas pressure is increased. On this assumption, Brunauer, Emmett 
and Teller derived the B.E.T. equation for types II and III iso- 
therms, The equation is ( 
P 1 c—l). P 

Pop) Ru + Gacy. Po eee (19.11) 
where v and vm are the volumes, reduced to standard conditions, of 
the gas adsorbed at pressure p and when the surface is covered with 
a monomolecular layer respectively at temperature T, po the satura- 
ted vapor pressure of the gas at temperature 7 and c is a constant 
approximately equal to e( £i — Ej) RT where £i is the heat of adsorp- 
tion of the first layer and Er is the heat of condensation of the gas 
to liquid. If £17 E, isotherms of type II are observed and if E,« E; 
isotherms of type III are observed. 


Equation (19.11) can be tested by plotting ae y) versus ES 
0. 0 


c—1 
Vn 
as shown in Fig. 19.14. 

To explain type IV and V 
isotherms, it was suggested 
that in addition to the mul- 
C~1  iilayer adsorption, conden- 
Vm.C sation of the gas molecules 


The plot should be a straight line with slope and intercept 


1 also takes place in the 
Intercept 7c small pores and capillaries 


of the adsorbent even at 
pressures below po. The 
distinction between these 


E? Turc two types is again based on 
É the relative magnitudes of 
Fig. 19.14, Isotherm plot according E; and Er. If E17 Er, type 


‘to B.E.T. equation. IV isotherms. are observed 
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and if Ej Ez, type V isotherms are observed. 


19.17. ADSORPTION FROM SOLUTION 


Solid surfaces can also adsorb solutes from the solution. An applica- 
tion of adsorption from solution is the use of activated charcoal for 
decolorising sugar solutions. Activated charcoal can adsorb colour- 
ing impurities on its surface. Other examples of this type of adsorp- 
tion are the adsorption of ammonia from ammonium hydroxide, 
phenolphthalein from solutions of acids or bases and acetic acid 
from its solution in water, etc. by activated charcoal. 


It has been observed that carbon adsorbs non-electrolytes more. 
readily from a solution than electrolytes and inorganic solids adsorb 
electrolytes in preference to non-electrolytes. This behaviour of 
adsorbents to attract certain substances in preference to other sube 
stances leads to a phenomenon of negative adsorption i.e., concentra». 
tion of the solute becomes more after treatment with the adsorbent. 

Adsorption from solution in most of the cases leads to the forma- 
tion of layer single molecule in thickness on the surface of the solid 
as was observed in the chemisorption of gas on a solid. 


This type of adsorption is also affected by temperature and con- 
centration. The extent of adsorption decreases with increase of 
temperature and increases with increase of concentration. In order 
to represent the variation of extent of adsorption with concentra- 
tion, Freundlich suggested an empirical isotherm similar to equa- 
tion (19.1). This equation is, 


x 

H =ke'ln ita (19,12) 
where x and m are the masses of the substance adsorbed and of 
adsorbent respectively, c is the equilibrium concentration cf the 


adsorbed substance in the solution, k and n are empirical constants. 
Taking logarithms of equation (19.12) we get, 


x 1 
log 7- log k+—- log c +++ (19.13) 
Equation (19.13) implies that a plot of log = against log c should 


be a straight line with slope I and intercept log k. Figure 19,5 


shows such a plot of a data for the adsorption of acetic acid from. 
aqueous solution at 25°C. 


19.18. APPLICATIONS OF ADSORPTION 


Adsorption finds extensive application both in thelaboratory and 
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in the industry. Some of the important applications are: 


(i) Adsorption of gases on solids is employed for creating a high 
vacuum between the walls of Dewar containers designed for storing 
liquid air or liquid hydrogen. This is achieved by placing activated 
charcoal between the walls which has already been exhausted to the 
maximum extent using a vacuum pump. The activated charcoal 
will adscrb any gas which may appear due to glass imperfection or 
diffusion through the glass. 


log C —> 
Fig. 19.15. Adsorption of acetic acid by charcoal. 


(ii) Adsorption of gases on solids is also utilised in» gas masks 
‘which contain an adsorbent or a series of adsorbents. These adsor- 
bents purify the air for breathing by adsorbing all the poisonous 
gases from the atmosphere. In the same manner, suitable absorbents 
can also be employed in the industry for recovering the solvent 
vapors from air or particular solvents from the mixture of other 
gases. 

(ii) Charcoal finds an extensive application in the sugar industry. 
Itis used as a decoloriser for the purification of sugar liquors. It 
‘can also be used for removing coloring matter from various other 
types of solutions. 

(iv) Adsorption is employed for the recovery and concentration of 
vitamins and other biological substances. 

(v) Adsorption finds extensive application in Chromatography 
which is based on selective adsorption of a number of constituents 
present together in a solution or gas. 


(vi) Adsorption also plays an important role in catalysis (see the 
chapter on Catalysis.) 


PROBLEMS 


i i Select the examples most likely. to correspond to each type of colloid 
isted. 
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(A) ammonium chloride in the laboratory atmosphere, (B) gelatin, (C) homo- 
genized salad dressing, (D) household decdorising spray, (E) Jello in hot water, 
qF) Pumice, (G) shaving leather 

(a) aerosol fog 

(b) aerosol smoke 

(c) liquid foam 

(d) solid foam 

(e) emulsion 

(f) gel 

(g) sol 

Ans. (a) (D); (b) (A); (c) (G); (d) (E): (8 (C); Cf) B; (9) CE). 

2. Classify the following colloidal systems. 

(a) Ivory soap. 

(b) microscopic pollen grains in air. 

(c) homogenised oil and vinegar salad dressings. 

(d) &n aqueous dispersion of a solid detergent. 

(e) whipped cream. i 

Ans. (a) (solid) foam, (5) aerosol (c) emulsion, (4) sol (liquid) foam, 
3. Indicate the main factor (surface charge, rigidity or other factors) that 


probably contribute to the stability of each of the following systems. '*Other 
factors” includes, Brownian motion, | slow sedimentation rates and thermal 


convection currents. 

(a) an emulsion of oil in soapy waters. 

(b) a black diamond. 

(c) homogenised milk. 

(d) an antimony sulphide sol prepared by precipitation in alkaline solution. 

(e) a marshmallow. 

Ans. (a) surface charge (6) rigidity (c) other factors (d) surface charge 

(e) rigidity. 

4. What do you understand by the colloidal state of matter? Bring out the 
difference between a colloidal solution and a true solution. 

5. What are different types of methods for the preparation of colloids? How 
would you prepare a colloidal solution of (v) Gold (5) Arsenious sulphide 
(c) Sulphur. 

6. Explain the use of (a) dialysis (b) electro-dialysis (c) ultrafiltration in 
‘the purification of colloidal solutions. 

7. Distinguish between lyophobic and flyophillic colloids. Describe Bredig’s 
arc method for the preparation of lyophobic colloids. 


8. Explain why: 

(a) A colloidal solution is not precipitated on the addition of an electrolyte 
in presence of gelatin. 

(6) Alum is used in town water supply. 


(c) The sky looks blue. 
(d) A colloidal solution contains electrically charged particles. 


9. Write short notes on the following: 

(a) Brownian movement 

(b) Cataphoresis j - » 
(c) Gold number 

(a) Coagulation by electrolytes. 
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10. Write notes on the following: 

(a) Artificial rain 

(6) Cottrell smoke precipitator 

(c) Tyndall effect. 

11. What are emulsions? How are they classified? Give one method for their 
preparation. 

12. Explain the difference between absorption and adsorption. Discuss the 
types of adsorption isotherms. 

13. Write notes on the following: 

(a) Freundlich adsorption isotherms. 

(6) Langmuir adsorption isotherms. 

14. Explain the qualitative features of B.E.T. cquation. What is meant by 
chemisorption? : 

15. Write notes on: 

(a) Gels 

(b) Adsorption from solution 

(c) Chromatography 

(d) Uses of colloids 

(e) Schulze-Hardy Law. 


Chapter 20 


ATOMIC STRUCTURE 


20.1. INTRODUCTION 


Speculations concerning the possible atomic nature: of matter are 
found in the writings of Hindu and Egyption philosophers living 
many centuries before the birth of Christ. In the fifth century 
Democritus strongly advocated the concept that matter was ulti- 
mately composed of tiny individual particles and coined the word 
‘atoms’ for them. They believed that the material of a growing plant 
is composed of water and stone atoms provided by the soil, atoms 
of fire supplied the rays of the sun. In the modern terminology the 
Greek formula for wood. would be SWF. The drying of wood was 
considered to be escape from wood of water atoms ie. SWF> 
SF--W, the burning of wood, the decomposition of dry wood into 
fire atoms and stone atoms SF-S--F. We now know that these 
views were quite wrong. 


The first statement of an atomic theory based on the experimental 
evidence was that of John Dalton, published in 1807. The experi- 
mental observations that led Dalton to his statement, were the Laws 
of Chemical Combination, which summarised the then known facts 
about the proportions by mass in which the. elements combine to 
form compounds. Dalton's atomic theory can be stated in modern 
terms as follows: 

(i) Atoms are thé ultimate, discrete particles of matter which are 
not subdivided during the course of chemical changes. They can 
not be created or destroyed. 


(ii) Allatoms of any element are identical in all respects, includ- 
ing mass, and different from the atoms of other elements. " 


(iii) Compounds are formed by the combination of atoms of dif- 
ferent elements in simple, integral numerical proportions forming 
the compound atoms (or molecules) of such compounds. 


20.2. THE ELECTRICAL NATURE OF THE ATOM . 


In 1791, the Italian physician, Luigi Galvani made the accidental 
discovery that a freshly dissected frog's leg gave a sharp convulsion 
when brought into contact with a ‘discharging static electricity 
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machine. The effect was more pronounced when two different metals 
were usedto complete the circuit. Because of his biological incli- 
nations, Galvani thought the phenomenon to be characteristic only 
ofliving materials and named it 'animal electricity'. The develop- 
ment of the modern theory of atomic structure began with the 
concept of electronic charge first introduced by Faraday from his 
Laws of Electrolysis. A brief mention of these laws will be given in 
this section. For a detailed study of these laws refer to Section 14.3. 
The mass of a substance depcsited or collected on the electrodes is 
directly proportional to the quantity of electricity passed through the 
electrolytic solution, This law which is known as Faraday's first law 
suggests that each ion ofa given chemical substance carries a well 
defined electric charge. 


Later on Faraday investigated the relative amounts of electric 
charge carried by ions cf different chemical substances. He passed 
an electric current through the solutions of several different subs- 
tances e.g., nitric acid, silver nitrate and copper sulphate as shown 
in Fig. 20.1. 


Asa result of electrolysis in the case of nitric acid, hydrogen 
gas is evolved on the cathode, while certain amounts of silver and 
copper are deposited in the case of silver nitrate and copper sulphate 
solutions respectively. On comparing the amounts of silver liberated 
by the same electric current flowing for the same length of time with 
that of copper liberated by the same electric current for the same 
duration, itis found that the weight ratio of silver to copper is 
3:40 instead of 1:70. From this ratio, it can be concluded that 
one ion of copper carries twice as much electricity of one ion of 
silver or, in other words, silver has lost one electron, while the 
copper has lost two electrons. The quantity of electricity required to 
evolve one. equivalent of any substance is 96,500 coulombs, also 
known as one Faraday. 


(a) (b) (c) 


Fig. 20.1. The electrolysis of water solutions of nitric acid, silver 
nitrate and copper sulphate by the same current, 


In his experimental Researches into Electricity Faraday wrote, 


-ATOMIC STRUCTURE - $63 


**although we know nothing of what an atom is, yet we can not resist 
forming some idea of a small particle, which represents it to the 
mind; and although we are in equal, if not greater ignorance of 
electricity, so as to be unable to say whether it isa particular matter 
or matters or mere motions of ordinary matter, orsome kind of 
third power oragent, yet there is immensity of facts which justifie: 
us in believing that the atoms of matter are in some way endowed or 
associated with electrical powers, to which they owe their most 
striking qualities and among them their mutual chemical affinity." 


A 60 cm long pyrex tube fitted with aluminium electrodes is used 
for the purpose. It is provided with a side tube 7 to communicate 
with a vacuum pump, No discharge occurs when a potential as 
high as 10,000 volts is applied at atmospheric pressure. Now if the 
pressure inside the tube is gradually decreased with the help of a 
vacuum pump, the discharge starts due to the ions produced by 
the electric field. As the pressure inside the discharge tube is about 
] mm of mercury a dark space is created near the cathode. This is 
"known as Faraday's dark space. When the pressure inside the tube 
islower than 0.01 mm a stream of rays is emitted from the cathode 
and are known as cathode rays. 


Properties of Cathode Rays 
Some of the important properties of cathode rays are as under: 


(i) Cathode rays travel in straight lines and cast shadows of the 
objects placed in their path. 


(ii) Cathode rays can produce mechanical effect. This is shown by 
the fact that a light paddle wheel placed in the path of the cathode 
rays is set in motion, This shows that cathode rays consist of mate- 
rial particles. 


(ii) They are deflected by electric and magnetic fields from their 
‘straight path and carry a negative charge. 


From the study of various properties of the cathode rays it 
-appears probable that they consist of a stream of negatively charged 
particles emanating from the cathode with high speed. These parti- 
-cles are called electrons and the magnitude of the charge they carry: 
is equal to the unit charge of electricity. 


20.3. THE CHARGE-TO-MASS RATIO OF AN ELECTRON 


‘Sir J.J. Thomson devised a method for determining the ratio of the 
‘charge to mass of an electron. This method is based on the princi- 
ple that a moving electron has the characteristics of current and 
follows all the laws obeyed by a conductor carrying current when 
placed in a magnetic or electric field. The apparatus used by 
"Thomson is shown in Fig. 20.2. ; 


Consider a beam of electrons each of mass m and charge e mov- 
ing with a velocity v ina straight line. The electric and magnetic 
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fields were applied over the same span of path but at right angles to 
each other. In this arrangement, a beam of electrons from the 


Fig. 20.2. J.J. Thomson's apparatus for the determination 


of = of an electron. 


cathode, after passing through the slit S, enters the magnetic 
and electric fields, and suffers deflection. The fields are adjusted to 
ottain the null point i.e. when the fields counter-balance each other, 
the beam goes undeflected and causes a fluorescent spot. From 
the relationships of the forces involved, the ratio of the electron 
charge e to its mass m may then be evaluated. Thomson’s experi- 


ments gave approximate value of E . Modern measurements us- 
ing more accurate techniques gav 1.7588 X I0!! C/kg. 


204. THE CHARGE ON THE ELECTRON 


R.A, Millikan in.1909 used fine oil drops in the cloud chamber to 


To mso  (— To pump 


| 
| 


i Liye 
C Oii intet. 


Fig. 20.3, Millikan's oil-drop method. 
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obtain the accurate value of charge e. The essential parts of the 
Millikan's oil-drop apparatus are shown in Fig. 20.3. 


A fine spray of low pressure oil drops are produced by an ato- 
miser. Some drops pass into the upper part of the chamber, Since 
the drops are extremely smallthey are illuminated by an arc lamp 
having the heat rays absorbing arrangement. The drops appear as 
bright spots when observed with the help of a telescope. 


Either of the plate C and Cı can be made positive with respect to 
one another and the movement of a particular drop is studied in this 
field with the help of telescope. When a drop of oil passes the hole 
O and enters the space between the plates the hole is closed and the 
drop acquires a charge due to the gaseous ions present inside the 
chamber. The electric field between the plates is adjusted in magni- 
tude and sign so that the drop rises upwards. When the drop touches 
a fixed mark the field is then switched off and the drop starts falling 
down due to the force of gravity. This is allowed till the second 
fixed point. Thus the time for each drop is noted and the calcula- 
tions are done on the following pattern. 


When a drop of radius a falls under the action of gravity alone 
its weight is x x ap g where e is the density of the oil and g is the 


acceleration due to gravity. The upthrust due to the displaced air is 


given by 4 nott, po isthe density ofthe air. The viscous force 
acts as the retarding force on the drop as it moves through the air. 
This retarding force is given by Stokes as 6m navo where v is the 
viscosity of air and vo the velocity of the drop. The two forces 


become equal when the velocity becomes uniform, i.e., 
+ xat (d Meson qd 0 <.. (20.1) 


When the electric field X is applied, the drop moves upward 
with a constant velocity vx. The resultant force is zero as the 


velocity is uniform, i.e., 
E) n a'(e—e0)g -- 6n » a vx —Xq 


ji $ 
q= 2E E (vod-vx) . . . (20.2) 
Millikan found that the values of q for different drops were always. : 
multiples of a common value e i.e., q—ne where n is an integer. 
The highest common factor from alarge number of observations 
was taken to be the electronic charge e. This experiment illustrates 
the atomicity of electricity and the numerical value of the unit of 
electricity, e was found to be 1.602x 10-1? columb. In the previous 


section was found to be 1.7588 x 10!! colurib/ks, the mass m of 
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the electron is given by 9.109534x 107?! kg. This is the rest mass of 
the electron. 


20.5. MODELS OF ATOMIC STRUCTURE 


In many cases we can explain a phenomenon or an object with 
the help of models. A model can become more and more sophisti- 
cated but it can never be the realthing. Take as an example the 
model of a boat. A child playing in a stream is satisfied with a stick 
of wood as a model boat. Later a boy sails a boat with a real sail, 
keel and rudder over a pond, The model may be constructed exactly 
to the scale, but it would still by its very n ture be a model and not 
the real thing: The case of scientific models is very much the same,. 
with the important distinction that the subject of the model is unseen 
and in one sense unknown. A model isused in this case to account 
for observations. For instance Dalton explained the constant compo- 
sition of compouncs by suggesting that matter was composed 
of atoms and that compounds consisted of combinations of 
atoms of elements in certain fixed ratios. He was propcsing the 
atom as a model and his model of the atom was extremely simple 
Just how does one establish that one model is right and another. 
wrong? Each model can be us:d to predict the results of various 


experiments. The one which predicts contrary to the experiment is. 
thus rejected, 


Thomson's Atomic Model 


According to this model atoms consisted of a positively charged 
substance distributed. uniformly over the entire body of the atom, 
i with negative electrons imbedded 
in this continuous positive charge 
like seeds in a water melon 
(Fig. 20.4). Since electrons repel 
each other but are on the other 
hand attracted to the centre of the 
positive charge, they were supposed 
to assume certain stable positions 
mne M body of the atom. If 
4 "TR this distribution were disturbed by 
VE ay ot meon. Water- some external force, such as, for 

example a violent collsion between 
two atoms in a hot gas the electrons were Supposed to start vibrat- 
ing around their equilibrium position, emitting light waves of ccrres- 
ponding frequencies, Attempts to correlate the emission frequencies, 
of electrons in Thomson’s atom with actually observed fre- 
quencies of light emitted, did not prove to be successful. After a 
number of futile efforts it became rather clear that although 
Thomson's model considered an atom to be a complex system formed 


` by positive and negative electric chargesrather than an elementary 
indivisible body. 3 
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20.6. RUTHERFORD'S NUCLEAR MODEL OF THE ATOM” 


J.J. Thomson's static **water-melon mode" of the atom was. trans- 
formed into a **dynamic planetary model" by his student Ernest 
Rutherford (1871-1937) from his well known scattering experiments. 
The experimental arrangement is shown in Fig. 20.5. 


Thin film of gold 
Fluorescent screen 


Fig. 20.5. Rutherford's scattering experiment, 


The a-particles from a radioactive substance are narrowed down 
into a thin beam with a diaphragm Q and are allowed to fall on a 
thin foil of gold G of thickness 0.01 mm. The a-particles cause scin- 
tillations on the screen. In his experiment Rutherford observed that 
most of the «-particles passed through undeflected and only a few 
of them (one in 10,000) scattered throuch large angles. 


From these observations he concluded that this was possible only 
if «- particles could collide with an extremely dense assembly of 
positive charge. He further developed the idea and said that whole 
of the positive charge of atom is concentrated in a very small sphere 
of diamete: of the order of 10712 cm. This volume in an atom. where 
whole of the positive charge is concentrated was named nucleus. As 
the atom is neutral in itself, an equal number of electrons were 
assumed to be distributed around the nucleus in the empty space. 

The above model of the atom was 
more satisfactory than the Thomson's 
model; but it suffered from a serious 
drawback. Since an electron rotating 
around the nucleus is attracted towards 
it, it must emit electromagnetic radia- 
tions. Hence, the clectron will spiral 
down into the nucleus as shown in 
Fig. 20.6. Contrary to this we see 
experimentally that atoms, like hydro- 
gen emit line spectra of a fixed wave 
length. 


20.7. ATOMIC NUMBER Fig. 20.6. Spiral path of the 
electron. 


The objection as to how could close 
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packed stacking of protons could give a stable nucleus, found 
answer in the discovery of neutron by Chadwick in 1932. This had 
a mass=] amu and charge=0. The mass of the nucleus wil] be the 
sum of the mass of protons and neutrons. The nuclear charge will 
be equal to the number of protons. The particles in the nucleus 
i.e., neutrons and protons were collectively called nucleons. A study 
of various atomic nuclei shows that the number of neutrons in a 
nucleus is equal to or more than the number of protons in it, the 
only exception being hydrogen which has only one proton and no 
neutron, Rutherford was able to show. roughly that the positive 
charge was in case an integral multiple of the charge on the proton. 
This was confirmed conclusively by Moseley in 1913. Moseley 
showed that there is a number, the ‘‘atomic number characteristic of 
each element. If the elements are arranged in order, the same order 
as that of the periodic table and then numbered off-one, two, three, 
four, etc., we get atomic number of the elements. Moseley bom- 
barded one elements after another with high speed electrons when 
they emitted X-rays, the frequencies of these X-rays proved in each 
Case to be characteristic of the element bombarded. He observed 
frequency of the hardest. X-rays emitted in each case ie., rays of 
greatest frequency. A graph was then plotted between the square 
roots of these greatest frequencies against the atomic numbers of the 
elements. The graph obtained was a straight line as shown in Fig. 
20.7. The frequencies were thus related to the atomic numbers. 
Moseley thus showed that atomic number is a fundamental constant 
characteristic of the atom. The atomic number is equal to the 
number of positive charge on the nucleus. 


Zn=30' 
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Fig. 20.7. The relation between X-ray frequencies and atomic 
numbers. à 
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220.8. THE NUCLEAR CHARGE 


"The particles in the nucleus are collectively called nucleons and it 
‘consists of neutrons and protons. The shape of the nucleus is similar 
to a drop of liquid and has a radius of 2x10-!3 cm. A. van den 
Brock (1913) suggested that the number of charges on the nucleus 
of an atom is equal to its atomic number. If an element has an 
atomic weight A and has an atomic number Z, its nucleus will con- 
sist of Z protons. The number of neutrons will be A—Z. 


The nature of forces which hold the nucleons together is one of 
the main problems of nuclear physics. According to the theory sug- 
‘gested by Yukawa in [935, there exist particles called mesons 
‘having mass intermediate between the electron and proton. Mesons 
"were first discovered in cosmic ray studies. These are of two types 
and are designated as x and x. 


The mass of proton is 1.00758 amu (atomic mass unit) and that of 
neutron is 1.00899 amu. 


20.9. ATOMIC SPECTRA 


"When an element is heated in a flame or a discharge of electricity 
is passed through a gas, colours of light characteristic of the element 
is seen. For example, discharge tubes containing neon gas at low 
pressure glow red. sodium light emits yellow light and mercury 
provides a greenish glow. This light when passed through a. spec- 
troscope produces a spectrum called emission spectrum. The emis- 
‘sion spectrum thus obtained consists of a series of lines, called /ine 
spectrum. Theline spectrum is also known as atomic spectrum 
since it originates in the atom of the element. Each element gives 
à unique pattern of spectral lines, and each line has a distinct wave- 
length. £ 

The simplest spectrum is that of hydrogen, the simplest element. 
"The part of the spectrum of hydrogen in the visible region consists 
of lines and the wavelengths of successive lines are closer and closer 
‘until they finally become a continuum, a region of continuous faint 
light. For example, when a sodium atom is heated in a flame, it can 
only absorb energy in the exact amount needed to raise the energy 
of an electron to some higher level. Thus the heat energy is trans- 
formed into electronic energy. The electron will not remain at the 
high level and it will fall back to the same level from which it started 
‘or to some intermediate level. In doing so, it will lose an amount 
of energy exactly equal to the difference between the two energy 
levels. ; : 

A spectral line of hydrogen might be designated by its frequency 
(v) as well as its wavelength (A) i.e. ; 


ya Seri 
aS 
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where c is the velocity of light. The wave number 7 is defined as 
1 
=— cmi 
xe 


W. Ritz (1908) suggested that the frequency of any line in a 
particular spectral series of a given atom can be represented as a 
difference of two terms, one of which is constant and other variable 
throughout the series. This is known as. Ritz combination principle. 
Mathematically we can write, 


1 1 1 
rs semi ues Cae fosa 
where nı and m are integers (117712) and R is the Rydberg's cons- 
tant for hydrogen. For a particular series, the integer m, remains 
constant throughout but 7; varies from one line to another. Five 
different series of lines have been observed experimentally. These 
are: 

(a) Lyman series. When an electron jumps from any outer 
orbit to the first orbit, this series originates and it lies in the ultra- 
violet region of the spectru n. Here m=1 and m-—2,3,4,5,.... 
The relation (20.3) can be written as 

Maid o e 1 1 
vat =R (7-4) <.. (20,4) 

This series was predicted by Bohr and was photographed by 

T. Lyman. J 


(b) Balmer series. This series lies in the visible region and occurs 
when an electron jumps from an outer orbit to the second orbit 
i.e., m72=2. and n=3, 4, 5,... The relation (20 3) thus modifies to 


nul 1 1 
vot eR (2-3) ... (20.5) 


Se eee were found to be 1215.05, 972.54, 950.00 and 


(c) Paschen series. This series falls in the infra-red region and. 
originates when an electron jumps from an outer orbit to the 3rd 


orbit, i e., m2=3 and m=4, 5,6,... The relation (20.3) takes the 
form 


idus dd a 
eR E 11. (20.6) 


(d) Bracket series. This series also falls in the infra-red region 
and results when an electron jumps from an outer orbit to the 4th 
orbit, ï e., n3—4 and m=5, 6, 7, .. . The relation (20.3) becomes 


sfant poat 
sL ER (w) 15: 00.7) 


(e) Pfund series. This again lies in the infra-red region and 
originates when an electron jumps from some outer orbit to the 5th 
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orbit i.e., n2=5 and m=6, 7, 8, ... The relation (20.3) takes the 
form: 


1 pon] 
s= =R (4) : ... (20,8). 


At the time of development of the Bohr theory only Balmer and 
Paschen series were known. Rest of the series were predicted by 


Lyman series D 


Balmer series 
n2=2, n3, 4, 5,..... 


Paschen series 
n;23, n 24. 5,6... 


= Í Bracket series 
n2=4,n,=5,6...,-- 
Pfund series 


0775, n1:76,, 0.0 oe 


NO 
e ees n 
Fig. 20.8. Diagrammatic representation of the origin of hydrogen spectrum. 


Region of Spectrum 


Lyman Series Ultraviolet 
Balmer Series Visible/ultraviolet 
Paschen Series ' “Infra-red 3 
Brackett Series Infra-red 

Pfund Series Infra-red. 


Bohr and were observed much later. When an electron jumps from 
an higher energy level to a lower energy level, it emits radiations. 
giving rise to the emission spectra. On the other hand when an 
electron jumps from an orbit of lower energy to an orbit of higher 
energy it gives rise to the absorption spectra. The five series of lines 
of the atomic hydrogen are shown in Fig. 20.9 and Fig. 20.10. 


20.10. BOHR MODEL OF ATOM 


Niels Bohr a young Danish physicist was working with Ernest 
Rutherford on the theoretical aspects of atomic structure. He was 
highly impressed by Rutherford's new atomic model in which elec- 
trons revolved around the nucleus located at the centre. He could. 
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not understand the analogy between the Rutherford modei and the 
movement of the planets around the sun, because the planets are 
electrically neutral while the electrons are heavily charged with 
negative electricity. From the theory of electricity we know that 
"revolving electric charge always emits electromagnetic waves. The 
emission of electromagnetic waves must result in the loss of energy 
"by the emitting particle and this led the electrons in the Rutherford 
model spiral towards the central nucleus, 

To explain why this did not occur Bohr, postulated: 

(i) An electron did not radiate energy if it stayed in one orbit, 
-and therefore did not slow down. 

(ii) When an electron moved from one orbit to another it either 

or absorbed energy. If it moved towards the nucleus energy 
"was radiated and if it moved away from the nucleus energy was 
absorbed. 

(ill) For an electron to remain in its orbit the electrostatic attrac- 
stion between the electron and the nucleus which tends to pull the 
-electron towards the nucleus must be equal to the centrifugal force 
"which tends to throw the electron out of its orbit. For an electron 
-of mass m, moving with a velocity v in an orbit of radius r, 


H, , y. HM He 
Fig. 20.10. Spectrum of hydrogen in the visible region (Balmer Series). 
Centrifugal forces + + (20.9) 


lif the charg: on the electron is e, the number of charg:s on the 
: nucleus Z, the permittivity of vacuum, to 
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The coulombie force of attractions Foy, (20.10) 
At equilibrium, we have j 
my Ze ^ 
Wzxed ——.: «++ 20.11) 
From relation (20.11), we get 
Ze 
ee a ++» (20,12) 


According to Planck's quantum theory, energy is not continuous but 
occurs in ‘Packets’ called quanta of magnitude +, where h is 


Planck's constant. The energy of an electrón inan orbit that is its 
angair momentum mvr must be equal to an integral multiple of # 
of quanta te., 


m p QU» 
vis A ++ + (20.14) 
and "a (2 0018) 
Combining this with equation (20.12), we get i 
ze mh 
4meymr — deleri sai (20.10) 
hence 
f= $ 
. (20.17) 
For hydrogen Ze and if 
n=l r= 1x 0.0529 nm 
ne2 r=? 00529 am 
n=) r3 x00529 nm 


radiates energy on! when 
Semon janet on orbit to 
Fig. 20.11. 
Calculation of . We defining the energy 
system. The total Bde od Sects hee ud 
= energy in the ficld of the nucleus. Let m 
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energy, is some function of r. The potential energy of a particle 

isa function of its position and the forces acting on it It is strictly 
defined only for conservative Systems, those system with no frictional 
or other dissipative forces. If in such a system a particle moves 
from point co to r the potential energy is given by, 


© 
æ 
Vir)—V(œ)= 4: q2 [ dr 
(r)—V(oo) E F(r)dr= Ax 5 
r 
"The zero of potential energy can be set arbitrarily and it is conve- 
nient to set it at V(o2)—0. For atomic systems under consideration 


41—- Ze, g=—e V(r)— —Ze?|4ne,r. The total energy, Er is 


. « . (20.18) 


eV IS A AA 
AET .. . (20.19) 
z mv? [( Ze X Za 
From relation (20.12) 5--( rs j- <. . (20.20) 
On substituting this value in (20.19) we get 
Wi Tres ZER A Ze 3 
Bre em "deor ^ "Enero C eee (20.21) 


The energy of any stable orbit is of course negative, approaching 
the limit E; as n becomes infinite. The absolute value of energy is 
proportional to the mass and to the square of the nuclear charge, 

If an electron jumps from an orbit Ito a orbit Z, the change in 
energy AE is given by the relation 


Ze4m Ze4m 
AE-( — Rr S FG ) ... (20.22) 
Zime f 1 1 
eg (az a ) n (20.23) 


Energy is related to wavelength (E=hc¥) then equation (20.23) 
‘can be written as 


2, 
eee (ou) 


Behe Vom m 
Since 
1 1 
P—RZ: ( = eg) i. (20.24) 
A The Rydberg constant 
: me. i 
HU E ... (20.25) 


The experimental value of R is 1.097373 x 10-7 m^, in good agree- 
ment with the theoretical value of 1.006776x107 m-1. The Bohr 
theory provides an explanation of the atomic spectra of hydrogen. 
The different series of spectral lines can. be obtained by varying the 


d 


-ATOMIC STRUCTURE 515 


values of nı and nz in equation (20.24). Thus with m=1, m=2, 3, . 
4... we obtain the Lyman series of line in the UV region. With 
n2=2,.m=3, 4, 5,... we get Balmer series of lines in the visible 
spectrum. Similarly, n2—3, m=4,5,6 .. gives the Paschen series 
m=4, m=5, 6, 7.. .the Brackett series, and 72—5, n3=6, 7, 8. . „gives 
the Pfund series. The various transitions possible are shown in 
Fig. 20.12. 


Fig. 20.12. Bohr Orbits of hydrogen and variousseries of spectral lines, 


Refinements of the Bohr Theory 


It has been assumed that the nucleus remains stationary except 
for rotating on its own axis. This would be true if the mass of the 
nucleus were infinite, but the ratio of the mass of an electron to the 
mass of the hydrogen nucleus is 1/1536. The nucleus actually cscil- 
lates slightly about the centre of gravity, and to allow for this the 
mass of the electron m is repiaced by the reduced mass y i.e. 


_ mM 
E= maM 
where M is the mass of the nucleus. The inclusion of the mass of 


the nucleus explains why different isotopes of an element produce 
lines in the spectrum at slightly different wave numbers. 


The orbits are sometimes denoted by letters K, L, M, N, ccunting 
outwards from the nucleus, and these are also numbered, 1, 2, 3, 
4... This number is called the principal quantum number, which 
is denoted by the symbol n. It is therefore possible to define which 
circular orbit is under consideration by specifying the principal 
quantum number. 


The movement of an electron from one orbit to another should 
give a single sharp line in the spectrum, corresponding precisely to 
the energy difference between the initial and final orbits. If the hydro- 
gen spectrum is observed with a high resolution spectrometer some of 
the lines show fine structure i.e. they are composed of more than 
one line close together. This was explained by Sommerfeld in terms 


.:. (20.26) 
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of elliptical orbits which precessed in space round the nucleus For 
the value of n—1 there is a circular orbit but for n=2 both circular 
and elliptical orbits are possible. To define an elliptical orbit, a 
second quantum number k is needed. The shape of the ellipse is 
defined by the ratio of the lengths ofthe major and minor axis.. 


Thus } 
major axis _ n 
minor axis k 


k is called the azimuthal or subsidiary quantum number. This may 
have values from 1, 2, .. . n. Thus for n—2, n/k may have the values 
2/2 (circular orbit) and 2/1 (elliptical orbit). For the principal 
quantum number #=3, n/k may have 3/3 circular, 3/2 (ellipse) and 
3/1 (narrower ellipse). The presence of these extra orbits, which differ 
only slightly in their energies, accout for the extra lines in the spectra 
revealed under high resolution. The original number k has now: 
been replaced by a new quantum number /, where /=k—1. 


PROBLEMS 


1. What are Cathode Rays? Give an account of their properties. 

:2. What is meant by the term **model"? Discuss Rutherford's model of the- 
atom, What are its defects? ` 

y d: nat is meant by the term ‘‘stationary state"? Discuss Bohr's atomic 
model. 

4. Calculate energy of the hydrogen atom using Bohr's theory. 

In the emission spectrum of hydrogen, the spectral series with n equal to 
three is called the Paschen series and is observed in the infrared region of the 
spectrum. Calculate the wave number for this series of lines. 

Ans. 1.22x10* cm~! 


5, Consider an excited hydrogen atom with an electron in the n—4 energy 
level. What transitions are possible for this atom to reach the ground state 
(n—1)? Draw a diagram to explain it. 

6. (a) Calculate the value of Rydberg's constant R and compare it with the 
experimentally determined value. 

(b) Calculate the radii for the Bohr’s orbit with n=1 and n=2. 


Ans. 0529 À; 2.166 À 


, 7. What is meant by Atomic number of an element? How is it determined? 
Discuss the statement that “‘Atomic number of an element is more funda- 
mental than atomic weight." What is the importance of this statement? ; 


,8. Derive an expression for the energy levels of the earth around the sun, 
using the Bohr-theory. What approximately is the quantum number corres- 
ponding to the present state of motion of the earth? The unusual gravitational 
constant is 6 670x10-* cm-? g~? sec**, the mass ot the earth is 5.983x10% kg 
and the mass of the sun is 3.2939 10° times the mass of the earth. 


9. (a) Discuss Millikan's method for the determination of charge of an 
electron. f 
~ (b) In the Millikan’ oil drop experiment the following data were obtained: 
distance between plates, 1.60 cm; voltage 4550/300; density of air 1.210-* 
g/cm*; distance of fall 0.60 cm; viscosity of the air 1.824 X 10-* g cm! sect; 
density of oil 0.90 g/cm?; average time of fall 21.2 sec; successive times of 


rise 46.2, 27,8, 15.7, 13.0, 45.0 and 21.2 sec; (a) calculate the radius of the oil” 
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drop, (b) calculate the average charge on the electron and compare it with “the 


accepted value. 
Ans. (a) r—1.62x10* cm; 

m-1.60x 1071 g: 
: (b) 4.84 10-" e.s.u. 
10. The wavelength of the Kẹ characteristic X-rays of iron and potassium 
are 1.931 X 10-8 and 3.737 X10-* cm respectively. What is the atomic number 
and the name of the elenent for which the characteristic Ka, wavelength is 

2.289 X 107* cm ? (The velocity of light is 3x 10!° cm/sec). 
Ans, Z=24 


i chromium 


11. Explain the following: 
(a) There is no electric charge on the atom of an element; 


(6) The sign of the charge on an electron; 
(c) The difference between a continuous spectrum and line spectrum; 
(d) Atomic number of an element. t 
12. Write notes on the following: 
(a) Composition of nucleus; 
(b) Determination of e/m; 
(c) Discovery of the electron; 
(d) Sommerfeld's model of the Atom. 
13. Explain the following in the terms of the structure of the particles involved. 
(a) A beam of cathode rays is bent in the opposite- direction from that 
of a beam of positive rays when both go through a magnetic field. 
(b) All the particles in every beam of cathode rays have the same mass. 
(c) The particles in different beams of positive rays may have different 
masses. 


Chapter 21 
WAVE MECHANICAL MODEL OF THE ATOM 


2L1. INTRODUCTION 


Light moves without dragging the medium through which it 
travels. This kind of movement is referred to as a travelling wave. 
We can say that waves can propagate through a material medium. 
Here it may be noted as to how water moves more rapidly along 
causing the water to move up and down, but the water itself moves 
little more than that. The wave front moves forward, but place a cork 
on the water or watch a boat bobbing on the waves and see how 
little their forward motion is. However, whereas sound moves in 
waves and see how little their forward motion is. However, whereas 
sound waves move in through the medium of the air and wave 
"fronts propagate through water medium, light spreads out in waves 
sand moves through empty space. What medium is Supporting its 
wibration ? Presumably none. That caused a lot of trouble among 
‘Scientists for a long time after all, how were they to explain moving 
through nothing ? “It was a hard pill for the scientists to swallow. 
Therefore scientists at first created the "ether" a medium for light 
to travel through, They just could not accept that something was 
moving through nothing. But the theory wore in thin in the last 
years of the nineteenth century and mostly collapsed on evidence 
from experiment of Michelson— Morley ether drift experiment which 
demonstrated that we really can not tell whether we are in motion or 
at rest with respect to this **ether" medium. Think about rowing a 
boat upstream, you have to overcome the resistance due to the drift 
ofthe river (the medium). The same is true when moving through 
air. Butthis mysterious ether medium did not drift. Light was not 
“slowed by passage through this medium, perhaps the best conclusion 
to draw was simply that no **ether? medium existed. 


The quantum concept dominated the development of atomic and 
molecular physics in the early Part of this century. A catastro- 
phic situation arose when three very different phenomena, all 
‘inexplicable within the framework of classical physics. could be 
explained from the concept of the quantum of action. These 
;phenomena are 


(i) Black-body radiation 


(ii) Photo electric effect 
iii) Bohr theory for the spectrum of Hydrogen. 
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21.2. BLACK.BODY RADIATION 


In this section, we shall discuss the black-body radiation. 
Imagine a solid object with a hollow interior and its exterior 
is completely insulated from the outside world. On heating to 
700—800°C, it should glow bright orange. The black-body 
glows only in its own. interior and can not lose any energy to the 
outside world, it will soon reacha state of thermal equilibrium, 
when it will require no additional energy from the heating 
wires to maintain a constant temperature. But those inside walls are 
still radiating. Will the solid object lose all its energy to the cavity 
simply by emission of radiation? Clearly it will not, as some of that 
radiation must be reabsorbed by the walls. As soon as the steady 
temperature is reached, no net energy enters the cavity. Every 
small bit of energy that appears as radiation must be paid for by an 
equal amount of radiation energy absorbed by the walls. This is 
known as black body. The classical problem, the very first problem 
to involve the concept of quantum was this; How much energy is 
present as radiation ina given volume of ‘‘empty space" within 
such a simple hot object held at any definite temperature ? Another 
related question could be, **what is the distribution of the energy in 
the cavity, as a function of the wavelength? For example is the radia- 
tion all -of the same frequency? A simple experiment tells us that 
itisnotso. The behaviour of the black body radiation is shown in 
Fig. 21.1: : 


1176°C 


Energy pet unit wavelength 


2 4 6 
Wavelength (mj4)—» E 


Lig. 21.1, Eaergy distribution of a black body radiation. 


As shown in Fig. 21.1, the radiation intensity gives a broad 
smooth distribution that varies with the temperature of the black 
body. This is quite similar to the radiation given off by any hot 
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object. What one would like to know is why the energy distribu- 
tion of black-body has this particular form. Rayleigh & Jeans made 
agreatstride towards the solution of the black body problem, he 
suggested that one thinks of the radiation within the black body as 
standing waves forced to remain in the cavity by the condition that 
there be no wave displacement in any direction at the boundary 
walls. These waves are analogous to the vibration in a jump rope 
or a violin string whose ends are kept in tight condition, so that they 
cannot be displaced. 


Rayleigh and Jeans computed how many modes of wave motion 
can be contained in a given cavity and satisfy the stated boundary 
condition, they found that the number of modes should increase 
steadily with frequency, becoming infinite in the short-wavelength 
limit. According to the classical theory, applied by Rayleigh and 
Jeans, the radiation energy should be distributed evenly over all 
these modes and thus an infinite amount of energy should be stored 
in short wavelength modes. By contrast, the experimental data show 
that the energy distribution drops sharply at short-wavelength. Thus 
the theory only gives a satisfactory description of the long wave- 
length end of the spectrum but was not successful in short-wave- 
length region. This led to what was known as ultraviolet 

-catastrophe. . 


This problem was successfully resolved by Plank. Classically one 
assumed thatthe energy distribution could be carried out by a 
method like that used to define a derivative or an integral. Accord- 
ingto Planck, one begins by chopping a system into small but 
discrete bits and then imagine that the bits get smaller and smaller 

_as their number gets greater and greater, all the way to the limit of 
infinitesimal small bits. Planck observed that the black body radia- 
tion could only be explained if one assumed that the radiation field 
could not be subdivided into infinitely small bits. He called the 
modes of wave motion oscillators and said that their properties 
were quantised. 


21.3. PHOTO ELECTRIC EFFECT 


Photo electric effect was another phenomena accounted for by 
the hypothesis of quantization. When light falls on a freshly cleaned 
metallic surface like zinc, ceasium ete, electrons are emitted. Photo- 
electrons are produced when light of frequency. higher than some 
threshold value strikes the metallic surface. The threshold frequency 
isa characteristic property of the substance, and sometimes the 
condition of its surface. The alkali metals yield photo-electrons with 
visible light, but for most substances the threshold lies in the 
ultraviolet. : x 

The rate of electron emission can be determined by measuring the 
current through a collector plate, the. electrons kinetic energy is 
measured by the voltage required to prevent them from reaching the 
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collector. Below the threshold frequency vo, no electrons are at all 
emitted. Above vo, electrons with different energies are obtained; 
the energy distribution is independent of the light intensity but 
varies with frequency. The maximum electron energy for a 
frequency v obeys the equation 


Eas — hiv — lvo SUI) 


where his Plank’s constant; hvo is known as work function. For a 
given frequency, the rate of electron emission is proportional to the 
light intensity. 7 


These results were puzzling in terms of the wave theory of light, 
Since the energy delivered by a wave increases the wave’s amplitude, 
one would thus expect the energy of emitted electrons to increase 
with the light intensity. 


However, if the energy were distributed uniformly, it would take 
rather a larger time for.any one electron to obtain the observed 
energy, but no such lag is observed. This can be explained if we 
assume that light can behave both asa stream of particles and as 
wave. This explanation was given by Einstein in 1905. He assumed 
that the light striking a photoelectric surface consists of discrete 
particles or quanta each having a definite energy proportional to 
the frequency of the light, E=/y. i 


.Each electron emitted from the surface then corresponds to the 
absorption ofa single quantum of light. It must take a certain 
minimum energy, the work function hvo to remove an electron from 
a solid surface; quanta. with less energy have no effect. If the 
quantum absorbed has more than the requisite amount of energy, 
then the extra energy is retained by the emitted electrons as kinetic 
energy. The more quanta of a given frequency strike the surface, the 
more electrons of the corresponding energy distribution are emitted, 
thus giving the observed dependance on light intensity. 


21.4. COMPTON EFFECT 


Compton, in 1922, observed that when monochromatic X-rays are 
scattered by carbon or some other light element, the scattered X-rays 
are not only of the same wave-length, but modified in their. wave- 
lengths. These modified X-rays are of lower frequency v’ and higher 
wavelength A' than the frequency v and wavelength A of the incident 
X-rays. The effect is called Compton effect. This increase in the 
wave-length of X-rays after scattering from the surface of an object 
is due to the decrease in energy, by the interaction between X-rays _ 
and electrons. 


In the Fig. 21.2, Av is energy of photon striking the sur- 
face M and hy’ is energy of the scattered photon. Let A and X be 
the corresponding wave lengths to these frequencies i.e, v and v’. 
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Compton found that dÀ the difference in wave lengths (A’—A) could 
be given by the equation, 


5 ^ hy | 
lit Rs) j 
sl 


e 
S 


% 


Monochromatic 
X-rays 


Fig. 21.2. Scatteřing of X-rays, 


dà 2^. sigo] o.. (21.2) 
mc 


Where m is the mass of the electron, c the velocity of light and 0 is 
the angle of scattering. The above equation clearly shows that dÀ is 
independent of the incident wavelength i.e. A and nature of the sub- 
Stance. 


21.5, DE BROGLIE’S CONCEPT OF MATTER WAVES 


According to de Broglie, the two fundamental forms, matter and | 
energy, in which nature manifests herself, must mutually be symme- 
trical. Since the radiant energy has been shown to possess a dual 
nature—wave and particle, matter must also possess the same dual ` 
nature i.e. particle and wave. It was for this that de Broglie was 
awarded Noble Prize in 1929. He stated that there is an intimate | 
relation between waves and corpuscles not only in case of radiation 
but also in case of matter. He gave the following relation between 
the wave and particle nature of electron, 
h | 
Ac 3:5 (21.3) | 


where m is the mass of the electron moving with a velocity v and À 
is the wave length of the light emitted. Thus, in de Broglie model of 
atom, an electron exists as a Standing wave in each orbit. It may be 1 
noted that an orbit can contain a wave which is full and hence in 
accordance with Bohr's postulate. Mathematically, the length of an | 
orbit whose radius is r, is given by 2nr and 2nr—n\ wherenisan | 
integer. : l 
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Since Amott” 
; mv 
We have, 2nr— r5 +. (21.4) 
or myr —n.h|2x ... (21.5) 


This is Bohr's postulate of quantisation. It is one of the success 
of this model that led to the development of electron microscope. 


Fig, 21.3. de Broglie's wa ves. 


de Broglie equation was verified experimentally by Davisson and 
Germer by their electron diffraction experiment. It is possible to 
accelerate or retard electrons, that is, to alter their momentum, by 
making them pass through an electric field. If the momentum is 
doubled, the wavelength must fall to half and the interference rings 
must likewise shrink to half their size. From the size of the rings 
we can conclude the wavelength of the electrons is of the same 
order of magnitude as that of X-rays. This is shown in Fig. 21.3. 


G.P. Thomson’s experiment. An accelerated pencil beam of 
electrons, when made to pass through a fine hole gave concentric 
rings on a photographic film. Pattern of photograph and apparatus 
used is shown in Fig. 21.4. 


Fig, 21,4. G.P. Thomson's apparatus. 


P-— Photographic film 
G=Thin Gold foil (1075 cm) 
M-Metal block to mkae a pencil beam 
P.C. Perforated cathode to accelarate the beam 


584 A TEXTBOOK OF PHYSICAL. CHEMISTRY 


. It was also found that the radii of rings decrease with the increase 
in velocity of the electrons as is expected from De Broglie relation. 


Problem 21.1. What is the wave length of a Fall o! mass 1C0 g moving with ` 
a velocity of 1.0x10° cm/sec? 


Solution A= 


—_ (6.63 x 107?! erg-sec) 
(100 g) (1 X 10? cm/sec) 


= 6.6 107?! cm. 


Problem 21.2. An atom is known to absorb energy of 5.0x10-!! crg. In the 
spectrum Of this atc m, where will there be a missing wave length? 


Solution. 


_ 6.63X10-*? erg-sccx 3.0101? cmx1 A 
zy 5.0X 10 "erg-secx 10-5 cm 


=400A 


21.6. HEISENBERG’S UNCERTAINTY PRINCIPLE 


Quantum mechanics shows us that the position of a particle and 
: its momentum can be known only, within certain limits, which are 
of great significance in the submicroscopic world of atoms and 
atomic particles, 


The uncertainty principle states that in simultaneous determina- 
tion of the position and momentum of a particle, i.e. the product of 
uncertainties, isequal to or greater than the Planck’s universal 
constant ‘h’ i.e., 


Ap. Aq2h = ... (21.6) 


where Apis uncertainty in the determination of momentum and 
: Aq is uncertainty in the determination of position. 


This principle also holds sped for uncertainty in any two conju- 
gate quantities e.g., energy and time. Tcday this principle i 
to be a fundamental principle of nature. : UR gala 


To explain the principle mathematically, we proceed as under: 


Let an electron at position O be observed with the help of a 
X-ray microscope whose resolving power is given by 
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Y 


rrr e 


Aq 
where Aq is uncertainty in the 
determination of position of 
electron and A' is wavelength 
‘of photon entering the micro- 
scope at an angle «. 


Now let a photon of wave- i $ ? 
length A (i e. of momentum ///A) D Ia ae of light 
collide against the electron. The t 
photon will be scattered by the electron and enter the microscope 
along OX or OY (Fig. 21 5). If A’ isthe wave length of scattered 
photon (7.2. momentum is 4/4’) than we have the following equations: 
EIU imparted to the electron, if photon is scattered along 

X i.e. 


— sina PEO 


Momentum imparted to the electron if photon is scattered along 
OY is given by 
h hs. 
AU Sine 23m (21:9) 
From equations (21.6) and (21.7), it is clear that the momentum 


imparted to electron can have any value in between the two values 
give byn equation (21.8) and equation (21.9). 
Hence the uncertainty in momentum is given by 


Ap- (t a sin eer y sin a) 
=> sin « . (21.10) 
From Eqn. (21.7) and (21.10) we have, 


Ap.Ag= 3 sin æ. 2 sn 
=h : 
In any actual determination, error will be always more than the 
least possible ‘h’. 
Hence Ap. Aq2h 125 (2I dy 


21.7. SCHRODINGER’S WAVE EQUATION 


Schródinger used de Broglie's idea of matter waves and developed 
it into rigorous mathematical theory. The relation of de Broglie 
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is fused into the classical wave equation. The basic idea of quan- 
tum theory is that matter can be regarded as wave and these waves. 
can be described by the equation for a vibrating string, i.e., 


Q—A sin 2 à r (21.12) 


where Ņ is called the wave function, and can be described mathe- 
matically iri terms of trigonometric sine function of displacement 
x and the wavelength A. Schródinger assigned this sine wave equa- 
tion to the electron with the object of describing the behaviour of 
the electron in terms of its kinetic energy and potential energy. 


Differentiating equation (21.12) we get, 
dy _ 27A 2nx 


di a Cos —3 e's (21.13) 


Differentiating equation (21.13) second time, wirt x, 
dy 4m24 . 2nx 


un e sin —— . . . (21.14) 
Since Ņ=4A sin az 
Relation (21.14) can be written as 

d^y 4x? 

eT emer pes EA (21.15) 


Kinetic energy of a particle of mass m, moving with a velocity 


vis given by 
K.E.—i mv? «+ + (27.16) 


where m is its mass and v the velocity. On multiplying and dividi 
right hand side of equation (21.16) by m iiis NEUE 


Qm 
K.E.—i—- ++. (21.17) 
de Broglie equation can be expressed as, 
h à 
m= «+ (21.18) 
On squaring both sides of equation (21.18) 
aa. IP 
mv? = T 3:5: Q119) 
On comparing equations (21.17) and (21.19) we get 
bo 
KE= 3 35 + «+ (21.20) 
From equation (21.15) 
: dMixrdh 


A +» (21.21) 
du 
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T On Ena ig the value of A? from equation (21. 21) in ey 
1.2 


2 HUNE ho è dX 
E To An Codi 
ok dV 
istos de: ..(2122) 


The total energy E, of a particle is the sum of its kinetic and 
potential energy. Thus, . 


ii Ge WR nae 
K.E.—(E—V)— Remy du . (21.23) 
Rearrangement of this gives, 
2 
m 4 Sein a m (Ey (21.24) 


This is me equation in one dimension. While dealing 
with atomic structure, it is expanded to three dimensions using the 
cartesian coordinates, x, y, z. Equation (21. ad) can be written in 


the form 
^ d^), dy Hm 
+— aya det dn —z (E-V) p=0 è e (21.25) 
where Ņ is es the wave ON or the probability amplitude 
function, E is the total energy of the system which is constant for 
a given value of A, V is potential energy which depends upon [the 


Fig. 21.6. Polar coordinates. 


position of the system. Since E is constant and V is variable, 
therefore (E— V) is also a variable. The wave equation is a differen- 
tia] equation of second order. 


/ 
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. The Schródinger's equation can be expressed in polar coordinates 
+, 0 and ¢, where r is the radial distance of a point from the origin, 
Gis the inclination of the radial line to the Z-axis and is the 
angle made with the X-axis by projecting the radial line in the 
X—Y plane. [See Fig. (21.6)]. 

The solutions for Y are called wave functions and may be ex- 


pressed as the product of three functions each of which depends 
only on one of the coordinates. 


Ur, 9, $)— R(r)e(8)0(9) ... (21.26) 


‘where R(r) is a function that depends on the distance of the electron 
"from the nucleus, which in turn depends on the quantum numbers 
n and /. 


O(0) is a function of 9, which depends on the quantum numbers 
Jand m. (2) is a function of 9 which depends on the quantum 
number m. 


21.8. NATURE OF THE WAVE FUNCTION 


The wave function j is a sort of amplitude function. It is not an 
observable quantity but | Y d*| is observable where $* is the 
conjugate of y. If the function is equal to its conjugate than 2 
gives the probability of finding the electron within a given volume. 


v v. Y 


x 


Planar 
nodal 
surface 


«() 


te 


Fig. 21.7. Nodal surfaces for hydrogen atom (a) electron probability 
density (b) Electron wave functions (+ and — signs denote phase). 


Where 42 is high, the probability of finding the electron is high. 
Where V is low, the electron is rarely. found. The information 
contained in 4? can be likened on the information contained in the 


| 
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holes in a dart board. The pattern of holes shows that there is a 
high probability that the dart will land within a circle containing 
many dart holes and a low probability fora circle of equal area 
but containing few dart holes. The density of dart holes gives. 
probability information. Figure 21.7 showsthe ways in which the 
probability distribution for a hydrogen Is wave function can be 
represented in two dimensions. Figure 21.8 (i) represents the 
density ofsuch dots as a function of position on a dart board, 
This picture gives a qualitative picture of where the electron is. 
most likely to be found. Figure 21.8 (ij) shows the graph of dot 
density 9? as a function of r, the distance from the nucleus. 

Fig. 21.8 (iii) represents the density contours on a cross-sectional 
through a probability dct diagram of Fig. 21.8 (a). The significance 
of such density contours is shown in Fig. 21.8 (iv). It represents a. 
contour map of where the electron spends its time. Such a map 
depicts qualitatively the shape of distribution and it displays | 
quantitatively, how rapidly the probability falls from the nucleus. 
Figs. 21.8 (v) and (vi) represent the density sum and the significance: 
ofthe density sum. The inner most contour line is the line that } 


(i) Cenativ dot diagram (ill) Density contour (v) Density aum 


AN) Weve probability density (iv) Significance of (vi) Significonce of 
density contours density sum 


Fig. 21.8. Representations in two dimensions of the probability 
distribution for a hydrogen Is wave function. 


encloses 10 per cent of the probability. The next line that encloses 
50 per cent in the smallest possible volume. The third contour 
shows the 90 per cent enclosure line. These contours.are very 
useful as they tell us where the electron is most likely to be found 
and also about the size of the atom. 


The wave function } must obey certain mathematical conditions, 
the important ones are: 
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1. i must always be finite at any point. 


If y were to become finite at any point in space this would cor- 
respond to a certainity 'of finding the particle there, which would 
conflict with the uncertainity principle. This is shown Fig. 21.9. 


V d : PP 
x— x— x— 


Fig. 21.9. Finite nature of y. 


2. d must be single-valued at any point in space. 


There can clearly be only one value of the probability of finding 
the particle at a given point in space., This is shown in Fig. 21.10, 


Ba b. 
à = oe 


Fig. 21.10. ~ must be single valued. 
3. must be continuous. j j : 
If the probability of finding a particle at point x has a given 
value, that at (x-+-5x) must be similar as 5x0. If this were not so, 


rey ; Rede. 


Fig. 21.11. Continuity of ọ. 
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the double differentiation in the Schródinger equation could not be 
performed. An important consequence of this condition is that Y 
must become zero at infinity. This is shown in Fig. 21.11. 


21.9. APPLICATION OF SCHRODINGER EQUATION 
PARTICLE IN ONE DIMENSIONAL BOX 


The most elementary application of Schródinger equation is to 
study the effect of imposing a constraint upon the free particle by 
requiring that its motion be con- 
fined within fixed boundaries. In 
three dimensions, this is the pro- ` 


s i / ^N 
blem of a particle enclosed in a NEZ 
LEON 


q 


box. The problem is further simpli- 
fied if the box is a one dimensional 
box. In this case, a particle is 


required to move between set 8 PILE 
points on a straight line. The NS pf 
potential function that corresponds 
to such a condition is shown in 
Fig. 21.12. zo KO IE 
One dimensional.. Schrödinger NURA 
equation can be written as, 
k -dy 
Eum dé TVO V= EN E en AE ie 
+. (21:27) 
One dimensional box is defined 


by a potential that is zero for 
Oxx«a and infinite elsewhere, ; 
Algebraically, the potential | is Fig. 21.12. Electron in a one dimen- 
given by sional box, Allowed electron waves 
t and energy levels. 
V(x)—oo x<0 
V(x)=0 0<x€a + +e (21.28) 
V(x)2 co a<x ^ 
Since the particle cannot move outside the box, we have the 
following condition i.e., ; 


$(x)20 x<0 and xa + + (21,29) 
The Schródinger equation inside the box can be written as: 
he dy E 
Bet PTs Br E, TT (2630) 


where E, must be real and positive quarti:y. Let vs introdvce a 
new parameter A which is defined s: 2 


2, 
ER a: RON 
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Now the Schródinger equation can be written as 


AL -— «+ (21.32) 
This is a differential equation and bas two solutions, i.e., . 
d1(x)=sin Ax save A eieh 
and 
VX(x)— cos Ax «+ (21.34) 


The general solution is a linear combination ofthe two solutions 
and can be written as 
Q(x)—4A sin Ax-- B cos Ax 14 (21,35) 


- This expression contains three parameters, i.e., A, B and A and 
satisfies Schródinger equation for any values of these parameters. 


Equation (21.35) must satisfy the criterion of a wave function. 
It is normalisable.because it is non-zero only in the finite interval 
0<x<a and is finite everywhere within the interval. These results 
can be summarised as under, 


¥(x)=0 x<0 ... (21.36) 
Q(x)—4A sin Ax+Bcos Ax O&x«a 
$0)-—0 a<x 


The above function is continuous within any of the three intervals, 
but it is not necessarily continuous if we go from one interval to 
another, i.e., at the points x=0 and x=a. On imposing the condi- 
tions of continuity at these points, we get 


lim (A sin Ax-- B cos Ax)=B=0 m. (21/32) 
x0 
and 
lim (A sin Ax4- B cos Ax) 
xa . 
s =Á sin Aa+B cos 4a—0 ... (21.38) 
Since B=0, equation (21.38) can be written as: 


A sin Aa=0 ... (21.39) 


In the above equation the parameter A cannot be zero, as this 
would mean the value of wave function to be zero everywhere. This 
will lead to zero probability of finding the particle which does not 
make any sense, we have the condition ` 


sin à a—0 .. . (21.40) 
This equation has infinite number of solutions i.e., 
à Aa=nnz, n=0, +1, +2, +3... s DAD 


n=0, would mean the wave function to be zero everywhere, hence 
this is not allowed. Since n—v and n=—v lead to the same proba- 
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bility density function. Hence the possible values of n are 
n=], 2; 3,4 
Squaring both sides of (21.41) 


593 


s Mama * 22191:02] 
From equation (21.31) 
2 
uc Im En, ... (2143) 
On comparing equations (21.42) and (21.43) we get 
mg 
En= ma? «+ + (21.44) 


The first four of these energy levels are shown in Fig. 21.12. It 
follows from the above equation that the kinetic energy E, decreases 
as the value of a increases. This means that more the room’ the 
electron has in which to move, the lower will be its kinetic energy 
which means greater stability of the system. Such ‘a delocalisation 
of the motion of the electron can occur in certain kinds of structures 
like conjugated and aromatic compounds. Equation (21.44) also 
leads to the concept of stationary states because only certain values 
are allowed. All other values are not allowed because they would 
lead to results that do not make sense from physical point of view. 


21.9. HYDROGEN ATOM 


Consider a hydrogen atom containing one proton in the nucleus 


j r, Atomic units 
T2 3 D UDIEBU 7:8 


E Atomic units 
E W i 
o a > 


E 
on 


Fig. 21.13. Coulombic potential energy of negative el 
in the field of positive proton, x i hron 
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and an electron moving around it. If we neglect the translational 
motion ofthe atom as a whole and the motion of the atomic 
nucleus, the problem of the hydrogen atom can be reduced to that 
of a single electron of mass m in a coulombic field. The motion of 
the nucleus can be taken into account by using reduced mass 4 
instead of m. The problem is similar to that of a particle in a three 
dimensional box. In- this case there is spherical symmetry and 
instead of steep walls and zero potential energy within, there isa 
gradual rise in potential with distance from the nucleus r=co, V=0; 
at r=0, V= —oo. The potential energy of the electron in the field of 


2 
the nucleus of charge Ze is given by yao Ze, This is plotted in 


Fig. 21.13. 
The Schródinger equation can be written as: 


22 2 2 8x2 2 
(i Got Gr) e+ SB e uo ssa) 


r 


z 
or V+ See 


2 
(e+ 72 No 1 1:46) 
3? 22 2? 
where Vi—á4 +o +32" 


The spherical symmetry of the potential energy function suggests 
that the equation may be solved most readily in spherical polar 
coordinates, r, 0 and ¢ as shown in Fig. 21.6. On transforming into 
polar coordinates, (21.45) can be written in the form, 


152 f 22 1 oy i, FEE eed 
r3 ar\ ar Hasin 99? * risin 8 oe V n 0) 


8x2 2 
TA -[ E+ = y-o a (21.47) 


The variable in this equation can be separated because the poten- 
tial is a function of r only 
v (r, 8, $)=R (r) O(8) OF) « « . (21.48) 


where R is a function or r only, © a function of 0 only and Ọ a 
function of e. Eqn. (21.48) can be separated into three differential 
equations ; 


eo : 
age tm O=0 ... (21.49) 


1 D] : 20 2 
sin 0 20 ( ain a) +( bow) @=0 ... (21.50) 


‘and lo (n 9 8 
and F Afr a \-2 R+ 


ə 


8 2 
rel E+ Ze )r=o ... (21.51) 
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where m and B are constants. The boundary conditions for solutions 
of (21.49) are such that satisfactory values of ® can be obtained 
only for m=0, +1, +2 etc. On substituting these values of m into 
(21.50) and the equation solved for ©, then permissible values of 
the latter are obtained only for B=/(/+-1), where /= | m | , | m | +1, 
| m 14-2 etc. | m | being the absolute values of m. With these values 
of 6 (21.51) yields satisfactory solutions only for values for a total 
quantum number n=0, 1, 2, 3 etc. Solution of (21.47) yields the 
total energy E of the electron in the atom, given by the. expression; 


2 2, B 
Em A . 21.52) 
2 2 
Y t Y 
X ^l 
Is -orbital Py orbital Raibie 


P, orbita 
E Y 2 
| 
— 2 Y X * 
E RO, 
i | lus 
[Ns 63. obs d orta 


Fig. 20.14, Boundary surface for various orbitals, 


wə rey. is the reduced mass of the nucleus and electron. This ex- 
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pression becomes identical with that from the old quantum theory 
of Bohr. 


The boundary conditions require certain constants that enter into 
the solution of Schrédinger equation. These constants are called 
quantum numbers, The wave functions } which are solutions of 
the wave equation are commonly called orbitals. Orbitals for which 
1—0, 1, 2 and 3 are called the s, p, d and f orbitals respectively. 
Orbitals which are used, are shown in the form of three dimensional 
angular dependence diagrams. Fig. 21.14 gives the boundary surface 
diagrams for s, p and d orbitals. 


s Orbitals, Every s orbital is spherically symmetrical. The 1 s 
orbitalis everywhere positive. Beginning with 2s, these are alter- 
nating positive and negative regions. This is shown in a plot of 
radial wave function, AR, against r/ao, for 1 s, 2s, and 3s orbitals, in 
Fig. 21.15. 


T 1 1 
R 1s R 2s R 3s 
1 2 3 4 8 12 16 
r[a— rja— rla— 


Fig. 21.15. Plots of radial wave function, R against r/ao, 


p Orbitals. Each p orbital consists of a positive lobe along the 
positive extension of a cartesian axis and a negative lobe along the 
negative extension of the same axis. There are three orbitals in each 
set, one along the x-axis ps, one along the y-axis py, and one along 
the z-axis, pz. The 2p orbitals have no radial nodes, but beginning 
with 3p there are radial nodes as well. 


dOrbitals. The d orbitals are five in number. Some of the 
features of d-orditals are; 


1. The d s orbital is symmetrical about the z axis. 


2. The d»y, dyz and dzx orbitals are exactly alike except that they 
have their maximal amplitudes in the xy, yz and zx planes res- 
pectively. 


3. The d. „orbital has exactly the same shape as the ds, orbital, 


but it is rotated by 45? about the z-axis so that its lobes are directed: 
along the x and y axis. 


2110. QUANTUM NUMBERS _ 


In order to define an electron in an atom completely and to explain 
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the complex spectra of elements, we need four quantities known as 
quantum numbers. In a simple way this corresponds to a normal 
post office address. To characterise a particular Mr X it is neces- 
sary to allot a particular address to him, i.e., Mr X, 256, Parlia- 
ment Street, New Delhi, India. The country corresponds to the 
principal quantum number, the town to the subsidiary quantum 
number, the street to the spin quantum number and the street 
number to the magnetic quantum number. 


(i) Principal quantum number. The Schrödinger wave equa- 
tion for the hydrogen atom describes the electron wave in three 
dimensions. It is entirely appropriate then, that three integral 
numbers are necessary to describe fully each energy state of the 
hydrogen atom. The most important of these is called the principal 
quantum number and is ‘denoted by n. It may have non-zero and 
positive integral values i.e., n—1,2, 3... 


The principal quantum number also fixes the nodal characteristics 
ofanorbital. A hydrogen atom has nodal surfaces. At such a 
surface the wave function } changes phase. At this nodal surface, 
q? is zero i.e., the electron is not found at this location. The value 
of n equals the number of nodal surfaces. When n—1 the electron 
is said to be in the first shell or the Kshell. The maximum number 
of electrons in a shell is given by 2n2. 


Principal quantum number (n) ` LAS i ape A Vain a uud 
Letter designation Ki xL. MN CO... 
Maximum number of electrons (22) 2. 8 18 32 50 


The radial wave functions for the orbitals n— 1, 2, 3 are given in 
Table 21.1. 


TABLE 21.1. The radial wave functions for one-electron atoms 


X1 A 0 1 2 


1 2e—°l2 iz 2 
2 ND Qpe? —— (j2y9pe I2 2 
3. Q/9V3) (6-6p+e ^^. (1/96) (ppe °l (1/94 30)p%e P12 


ni? 


(ii) Azimuthal quantum number. This quantum number, also 
called the secondary or subsidiary quantum number, was essential to 
define the elliptical orbits given by Sommerfeld and is a measure of 
the eccentricity of the ellipse. This may have any value ranging 
from /—0 to n—1. 


It also relates to the nodal pattern of the orbital. There are I 


3592 ; 
where e (A y. F 24 221153) 
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nodal surfaces with angular dependence. Since there is a total of 7 
nodal surfaces, there must be (n—1/) nodal surfaces without angular 
dependence i.e., spherically symmetric. For the value of n—2, / can 
be either 0 or 1. If /=0 there are no nodal surfaces with angular 
dependence; the two radial nodal surfaces are both spherical in 
shape. One of these is the surface at r—infinity. For /—1, there is 
one angular dependent nodal surface, a plane. The second nodal 
surface (n—1—2—1-—1) is a sphere, again the nodal surface at 

` infinity. Figure 21.16 shows cross-sectional views of the probability 
distributions corresponding to n=l and n—2. The change of phase 
at the nodal surface is designated by plus and minus signs. If n=1, 
1—0 it represents 1s orbital for n—2, /=0 and 1 correspond to 2s 
and 2p orbitals. 


The orbital angular momentum of an electron can be given by _ 
(1+1) h 
af uie 201.54) 


where h is Planck's constant. 


(iii) Magnetic quantum number, As we haye seen in case of 
Zeeman Effect. there are additional lines which appear in the mag- 
netic field. To explain this splitting of spectral lines, a new quantum 
number was introduced, known as magnetic quantum number, m. 
This can have as many as (2/--1) different values for a given value 
of eect from —/,0, +/ and each value corresponds to one 
orbital. 


The s subshell has only one orbital as /=0, m=0, a p subshell 
has 3 orbitals, /=1, m=(2+1)=3 and d has 5 orbitals and f. seven. 
In these orbitals the difference of energies is very slight from one 
another. 


(iv) Spin quantum number, This quantum number describes. 
the spin of the electron about its own axis. Since spin can be either 
clockwise or anti-clockwise, spin quantum number has only two 
values +4 and —}, They are put as t and |. 


21.11. PAULPS EXCLUSION PRINCIPLE. 


The three quantum numbers, n, / and m are needed to define an 
orbital. Each orbital may hold up to two electrons, so an extra- 
quantum number is required to define the spin of an electron in an 
orbital. The exclusion principle originates from studies by W. Pauli 
connected with the electron spin. Consider a system containing two 
electrons i.e., helium atom. If each electron possesses one of the two 
spins, four different arrangements are possible for the two electrons 


as Shown 
T e m 


where the up or down arrows represent +} or —} values of the 
Spin quantum number. Spectral observations by Pauli led him to 
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conclude that some states do: not exist and that therefore some spin 
combinations must be excluded. The Pauli principle can be stated 
in many ways. A simple form is that no two electrons can have the 
same values for the four quantum numbers. Each electron in an 
atom is unique and can be described in a way which distinguishes 
it from all the others. Indeed this must be so, for if two electrons 
in an atom could be described by the same set of quantum numbers, 
this would be saying that they both occupy the same position at the 
same time and are identical in every way and so would be indistin- 
guishable from a new particle of double the mass and charge. 


For example according to 2n? rule,n—2 must have 8 electrons. 
According to Pauli's exclusion principle we can arrange them, hav- 
ing the following combinations: 


n=2 [—0 m= 0 s=+} 
n=2 1=0 m= 0. s=—t 
n=2 I-1 m= 0 s=+4 
n=2 I=] m=. 0 s=—} 
n=2 [251 *^ m=+1 s=+4 
n=2 l=1 m=+1 $——t 
n=2 T—1 m--—1 s=+t 
n=2 l=ł m--1 s=—t 


Similarly we can account for other levels. 
21.12. HUND’S RULE OF MAXIMUM MULTIPLICITY 


This rule states that in an atom, the electrons ina sub-shell tend to 
remain unpaired as long as possible. 

If we represent three p orbitals as boxes and elecirons by arrows 
(t for +35 and 4 for —4s) then if two electrons are added to 
D-sub-shell, there exist two possibilities: I and II 


pues ene 


In the first arrangement, two electrons are in the same ofbital 
(i.e. px) but it is not permitted by Hund’s rule, so the II arrangement 
is right as this satisfies the rule. If we add third electron to this 
Subshell, this will go to pz (the third empty orbital) rather than to 
Px and py. Pairing will be there if the fourth electron is added {as 


shown in II. 
| 1 | t | 1 | 


UL 
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ing rule, According to this rule, the electrons filling the 
iit mds LUE the pres effect on the outer electrons against 
attraction by the nucleus. : Ted 
This rule is responsible for the reason that every ns orbital is filled 
earlier than the corresponding (n—1) d orbital. Also 5s, Sp and 6s 
orbitals are filled before 4f orbital. 


^ 


9 
(5) 
(4s) 


5f 


Fig. 21.16. Order of filling orbitals with electrons. 


21.13. ENERGY LEVELS AND ELECTRON CONFIGURATION 
OF ELEMENTS 


Distribution of electrons in orbitals for complicated atoms is 
governed by certain rules. As discussed earlier, each electron shell 
can have a maximum noumber of electrons given by 2n2. As each 
electron shell has subshells and their energy difference is very much 
less; the orbitals having lower energy are filled first. It isseenthat the 
_order of energy of various orbitals is the following; 
Is<2s<2p<3s<3p<4s<3d<4p<5s<dd<Sp<b6s<Afc 5d 
The above order, for the sake of simplicity can be represented by 


_ asimple diagram (Fig. 21.16) known as Auftau—order of orbitals, 
for feeding in electrons. 
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TABLE 21.2. 
Arrangement of electrons in atoms 
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Arrangement of electrons in atoms 
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The electronic configuration of elements can be given by follow- 
ing the above rule along with Pauli’s exclusion principle and Hund’s 
Rule. Table 21.1 gives the electronic configuration of elements. 


From the study of the said table, we find some departure from. 
the Aufbau rule. The arrangement differs when the d level orbitals. 
are either almost full as in the case of Cu, Pd, Ag, Pt and Au or 
half full as in Cr and Mo, Most of the cases can be explained in 
thelight of one fact that completely filled, completely half filled 
and completely unfilled arrangements are more stable than any 
other. Thus d5 and d!? configurations are much more stable than d^, 
d* and d?. Consider the configuration 4d*, 5s? as shown below: 


| dis d et | | | 1 
4d A Ss: 
If one electron moves from 5s orbital to 4d orbital it becomes 
leletre] [+] 
4d 5s 


In this case, 44 orbitals are completely half-filled. So this arrange- 


; ke) 
| 
1 
| 
ets we Se | 


Fig. 21.17. Division of the elements in the periodic 
table into four blocks. 


ment is preferred over the others. On the basis of the electronic 
configuration we can divide the elements in the periodic table into: 
four general sections as shown in Fig. 21.17. 

(1) s—block elements, 

(2) p—block elements, 

(3) d—block elements, 

(4) f—block elements. 


604 . A TEXTBOOK OF PHYSICAL CHEMISTRY 


PROBLEMS 


1. In the photo-electric effect, an absorbed quantum of light results in the 
ejection of an electron from the absorber. The kinetic energy of the ejected 
electron is equal to the energy of the light quantum absorbed minus the energy 
of the longest wave length quantum that causes the effect. Calculate the kinetic 


energy of a photo-electric elecrron produced in cesium by 4000À light. Ae 
Critical (maximum) wave length for the photo-electric effect in cesium is 6600A. 
Ans. K.E.—1.96X 10-?? erg. 


2. (a) Explain the uncertainty principle. How does it limit the description of 
the location of electrons in an atom? 


(b) A snail of 1 g mass is travelling at a velocity of 0.1 cm/sec. What is the 
uncertainty in its position? 


3. Write short notes on the following: 

(a) Compton-effect. 

(b) de-Broglie Relation. 

(c) Zeeman Effect, . 


4. What is the wave length of a car with a mass of 1.3X10* g moving at a 
js 9 
Be CUIU emet Ans. 5.1X 1075 cm 


5. What do you understand by the wave-mechanical model of the atom? 


Explain the meaning of the various symbols used in the SchrOdinger’s equa- 
tion. 


6. What are the major differences between the Bohr theory and the wave 
mechanical theory of the hydrogen atom? 


7. What is Pauli's exclusion principle? How does it affect the arrangement of 
‘electrons in an atom? 


8. Explain what is meant by: 
(a) a shell; 

(6) a subshell; and 

(c) an electron orbital. 


9. (a) Explain the term ‘quantum numbers’. Give a brief account of the four 
quantum numbers. 


y A Show that themaximum number of electrons in the M shell (n=3) 
is 


10. Write short notes on the following: 
(a) Aufbau principle. 

(b) Hund's multiplicity rule. 

(c) Shapes of s and p orbitals. 


11. (a) Write down the electronic configurations for each of the following 
elements: 


Ca; Mn; Br; S; and Ar. 


rs what neutral atoms correspond the following electronic arrange- 
ments 


(i) 1s, 2s*, 2p5, 
(i) 1s*, 2s*, 2p*, 3s? 3p* 3d5, 4s}, 
ii) 1s*, 2s*, 2p*, 3s? 3p* 3d10, 4s, 
(iv) 1s*, 2s? 2ps, 352 3d’, 453; 
(v) 1s, 2s? 2p*, 3s? 3p* 3d10, 452 4p* 4d!*, 5s? 5p6, 5d1, 6s?, 
Ans. (i) Ne, (ii) Cr, (ii) Cu, (iv) Co (v) La 


- 12. (a) What is the difference between the size and shape of a 2p anda 3p 
‘orbital? 


OE 


| 
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(b) Isthere any difference between the energy of an electron in orbitals 


' represented by the quantum numbers. 


n=3; l=2; m= +2 and n=3, 122, m= —1? 


(c) Give the number of identical d-orbitals in a given energy level and the 
values of their m quantum numbers, i 


13. Which of the following statements concerning the function of the twa 
quantum numbers are correct? 


(i) n determines the shape of an orbital 
(ii) | determines the size of an orbital 
(iii) n determines the size of an orbital 
(iv) | determines the shape of an orbital 
(v) n determines the number of electron density in an orbital, 1 
‘Ans. (iil) and (iv) are correct 


14 Write the symbol for the element whose atoms have’ the outermost 
electron configurations given below: 


(a) One electron in the 1s level 

(b) Two electrons in the 1s level 

(c) Two electrons in the 2s level, three in the 2p level 

(d) One electron in the 3s level 

(e) Two electrons in the 3s level and three in the 3p level, 

(f) Two electrons in the 3s level and six in the 3p level, 

Ans. (a) H, (b) He, (c) N, (d) Na, (e) P, (f) A. 

P 15. What will be the mass of an electron moving with a speed of 5.00x10 cm 
sec? 


Ans, 9.24X 10795 g 
16. (a) In what ways do the spatial contributions of the orbitals in each pair 
differ from each other? 


(/) 1s and 2s (ii) 2s and 2px (iii) 2px and 2pz. 
(b) List all the elements whose atoms have only one electron in (i) p subshell 
Ui) in s subshell. 
Ans, (i) Only group IIL, elements (i) Only group I4 elements. 


17. (a) What is- kinetic energy of an eléctron that has a deBroglie a 
length of 10— cm? E vinis 


(6) Through what potential difference must it have been accelerated? k 
Ans. (a) 2.41 X 10 J (6) 151 V, 


18. With what speed must an electron. travel in order to have a de Broglie. 
wavelength of 10-5 cm? 5 p 


: Ans, 7.28% 10* m/s. 
i mer speed of an electron is 1.2X10* m/s. Whatis its de Broglie wave-. 
length? j 


Ans. 6.06X10-19 m, 


Chapter 22 


CHEMICAL BONDING 


22.1. INTRODUCTION 


One of the most fundamental questions in chemistry is the nature 
of forces which hold the atoms together in a molecule. Historically 
Frankland in 1852 first introduced the concept of chemical bonding. 
According to him, valency is the combining capacity of an element 
ina compound. Thus nitrogen has a valency 3, oxygen two and 
hydrogen one. With this defination it was possible to characterise 
some elements with a valence which aided in predicting the formulas 
of some of their compounds, 


The number of loosely bound electrons in an atom gives the 


respective valence of the atom. These loosely bound electrons may 
be involved in the formation of chemical bonds. This concept has 
recently been abandoned and replaced by more specific and infor- 
mative terms. The modern use of the word *'valence" is not as a 
noun but as adjective meaning associated with chemical bonding. 
Thus we regard valence electrons as most loosely bound to the atom 
‘which may be involved in the formation of chemical bonds. 


Another important feature] of the theory of chemical bonding 
should be, to explain the geometry of the molecule and what is that 
makes one molecule linear and other bent ? From the energy con- 
‘siderations, chemical bonds are formed because in doing so atoms 
can follow the universal tendency of all mechanical systems to attain 
‘a state of lowest potential energy. Since in the formation of a bond 
‘a pair of atoms release certain amount of energy to their surround- 
ings. This energy which is known .as the bond dissociation energy 
must be imparted to the molecule in order to break a bond. As we 
proceed with the development of the subject we hope to find an ex- 
planation for the fact asto whythe bond formation leads to the 
lowering of energy of the system. Chemical bonding may also be 
defined as the phenomenon involving the union oftwo or more 
atoms through redistribution of electrons in their outer shells, either 
by sharing of electrons among themselves or by transference of 
electrons from one atom. to another. Since the inert gases contain 
eight electrons except for helium which contains two electrons. This 
configuration represents a state of maximum stability and hence 
minimum energy. Atoms of all other elements tend to acquire this 
stable configuration of inert gases. They do so either by the transfer 
of electrons from one atom to another or by mutual sharing of 
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electrons. This mode of chemical bond formation was given by 
W. Kossel and G.N. Lewis in 1916. There are several ways in which 
atoms may obtain a stable electronic configuration by gaining losing 
or sharing electrons. The elements in the periodic table can be 
divided into (i) electropositive elements i.e.,the elements, whose 
atoms give up one or more electrons fairly readily (ii) electronega- 
tive elements which tend to take up electrons and (iii) elements 
which neither tend to gain or lose electrons. We can thus classify ` 
three types bonding as under: 
1. Electropositive element 
Ionic bond 
Electronegative element 
2. Electronegative element 
Covalent bond 
Electronegative element 


3, Electropositive element 
Metallic bond 
Electropositive element 


22.2. IONIC OR ELECTROVALENT BOND 


The ionic or electrovalent bond is formed when one or more elec- 
trons have been transferred from one atom to complete the orbitals 
of another atom. Elements which have a tendency to loose one or 
more electrons are called electropositive : (e.g. alkali metals) while 
those having a tendency to gain electrons are called electronegative 
(e.g. halogens). Kossel pointed out the facts that when atoms of 
electropositive and electronegative elements combine together, one 
or mcre electrons are transferred from the former to latter and the 
atoms are converted into cations and anions. As a result of mutual 
electrostatic attraction between the ions so formed, an ionic o- 
electrovalent bond is established. 


Examples 


rM — Na* kci: ] or Na'CI 


Ca ee or Ca +2Cl_ 


The anions formed always achieve an inert gas configuration when 
forming ionic bond. 
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22.3. CONDITIONS FOR THE FORMATION OF IONIC 
BOND 


The formation of an ionic molecule 4*57 can be thought to occur 
through the following steps: 


(i) Atom A gives up an electron by absorbing energy equal to 
its ionisation energy and is converted into cations <A* ionisation 
-e* 
.- energy —— At+e7 


(ii) In the second step the atom B picks up the electron released 
by 4 and is converted into anion B^, In this process the energy 
equal to electron affinity of B is released. z 


e 
B+e7 ——> B---EA (Energy released) 


(iii) In the third step, cation 4 and anion B combine together due 
to electrostatic attraction, to give a stable ionic crystal 4*B-. In 
this process energy equal to the heat of formation ofthe ionic 
compound AtB-, is released 


A*+B- —— A* B^ --energy released 


Heat of formation is equal to —e/r4*--rg-, where negative sign. 
indicates the release of energy. Here e is ionic charge on At and 
B- and r4* and rg- are.ionic radii of A+ and B^ respectively. Thus 


ul 
( rarer )=Energy released 
Thus the overall energy change, Ejomc in the formation of ionic 

crystal is given by 
i^ e 

Etonie= +(IP)4—(EA)x TEES, 
Now if the bonded ions, A+ and B-, are more stable than the 
free atoms A and B value of Ejonic must be negative. To fulfil this 
Sr e n 

condition MESES should have a higher value than (IP)4—EAs 


when this condition is fulfilled we shall get a larger negative value 


e : KN 
f E E. Thus for the formation of ionic bonds the follow- 


ing conditions must be satisfied: 


(i) The ionisation potential of the metal should be low. 
(ii) The electron affinity of the non-metal should be high. 


(iii) i lattice energy of the compound formed should be. 
igh. » 
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22.4. CALCULATION OF LATTICE ENERGIES 


Consider two point charges separated by a distance 
er > 
* - , 
pi force f acting between them is given according to Coulomb's 
aw E 
e 
obe RREN 
where e is the electronic charge. The potential energy, V, that is the 
energy required to separate chem to infinite distance, is given by the 
equation 
e 
The negative sign arises because itis convenient to take poteatial 
energy to be zero when the ions are separated to infinity. If con- 
sider a linear array with a regular separation r; Fig. 22.1 r 


ciere pe 


The energy of the given ion J, due to the presenc: of the others 
which exert Coulombic forces 
on it, is 


y, e( 2 2 2 
r 


d 


As can be seen from 
Fig.22.2,a given ion A has 
six . nearest neighbours, 
twelve next nearest and so 
on. Substituting the numbers 
at various distances we can 
write for the potential energy 
ofanion 4 due to coulom- 
bic forces, the expression, 


yi —e 6 LOS 8 
A EXE 1 2 3 Fig. 22.2. Environment for 
6 ion A ina sodium chloride 
Ime) ) structure. 
4 
_ —Me? 
r 
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where r is the distance between centres of nearest neighbours. The 
quantity inside the bracket should be summed to infinite. It depends 
only on the geometry and not on the chemisiry i.e., it will have the 
same value for all face centred cubic crystals. There will be such a 
constant foreach crystal structure and such constants are called 


Madelung constant. The generalised energy expression can be 
written as 


—MeZ.Zz. 
r 


where Z and Z are the number of charges on the positive and nega- 
tive ions and r=r,+r_. In addition to the coulombic forces we 
‘should also include the interionic repulsive forces which become 
appreciable when the two ions with opposite charges approach 
closely. 


Asthetwo ions approach closer, their electron shells begin to 
overlap the forces rise rapidly and the 
interionic  repulsicn also increases 
sharply, as shown in Fig.22.3. The 
energy term is of opposite sign to the 
coulombic attractive term and rises very 
rapidly at short distances of approach 
while it is negligible for larger distances. 
The curve for coulombic terms varies 


Interionic repulsion 


Couleinhic attraction ias n . The curve for the repulsion 

terms can be described by a function of 

Fig. 22.3. the form where n is known as Born 

exponent. When the repulsive term is 

‘taken into account, the general expression for the. lattice energy per 
mole is given by the relation 


221 
Lattice energy Nae ( i-3-) 
r n 
where Z?=Z,Z_, and eis the electronic charge in electrostatic 
units. The values of Born exponent and Mandelung constant are 
given in Tables 22.1 and 22.2. The lattice energies of the alkali 


TABLE 22.1. 
Average values for the Born exponent 
Electronic structure of ion n Example 
He S Lit, Be?+ 
Ne 7 Nat, Mg?*, O*-, F- 
Ar 9 K*, Ca**, S?-, CI-, Cut 
Kr 10 Rb*, Br-, Ag* 
Xe 12 


Cs*, I^, Aut 


por ri or aM nee GALE E. TS 
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TABLE 222 
Values of the Madelung constant for various structures 
Sodium chloride 1.747558 
Cesium chloride 1.762670 
Zinc blende 1.63806 
Wurtzite (ZnS) 1.641 
Fluorite (CaF;) 5.03878 
Rutile (TiO;) 4.816 
Cadmium iodide ` 4.71 
Quartz (SiO4) 4.4394 
TABLE 22.3 
Lattice energies (Kcal) of alkali halides 
Elements Fluoride Chloride Bromide Todide 
Lithium 2401 199.2 188.5 174.1 
Sodium 213.4 183.1 174.5 163.9 
Potassium 189.7 165.4 159.3 ` 150.8 
Rubidium 181.6 160.7 153.5 145.3 
Cesium 173.7 152.2 146.3 139.1 


halides have been calculated with the help of formulas of this type 
and have been found to bein close agreement with those values 
which have been determined experimentally. The calculated values 
of alkali halides are shown in Table 22.3. 


22.5, APPLICATIONS OF LATTICE ENERGY 


Lattice energy finds numerous applications some of them are as 
under: 

(i) In the discussion ofspecial properties of fluorine in relation 
to other halogens. 

(ii) In the account of stabilities of metal hydrides polybalides, 
peroxides, and superoxide. 

(iii) In the derivation of crystal field stabilisation energies. 


(iv) In the discussion of the characterisation of high oxidation . 
states of metals as fluorides and their low oxidation states as iodides. 


The Born-Haber Cycle 


The direct determination of the lattice energy of an ionic crystal 
has been carried out for only a few compounds. In the majority of. 
cases it is not possible to measure this energy directly; however a 
cyclic process has been devised by Born and Haber which relates 
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the crystal energy to other thermochemical quantities where the 
energy of formation ofa crystal from its component elements is 
known, itis possible to dissect this value into the energies of a 
“number of processes, which may be postulated as constituting the 
intermediate steps in the formation of the crystal. By means of 
this circuitious procedure it is possible to calculate algebraically the 
theoretical lattice energy ofa crystal. For example, formation of 
sodium chloride from elementary gaseous chlorine. It may be 
assumed thatthe sodiüm metal is evaporated and the diatomic 
chloride is dissociated; then the alkali atoms are ionized and the 
electrons so obtained are transferred to the halogen atom so that 
positive sodium ions and negative chloride ions are left in the 
gaseous phase. As indicated diagrammatically in Fig. 22.4 the 
energy of sublimation of metallic sodium is S, the ionisation energy 
of gaseous sodium is J, the energy of dissociation of Cl; is D, the 
electron affinity of the chlorine atom is E and the lattice energy of 
the solid NaClis Uo. The heat of the formation of crystals from its 
elementary elements is designated as Q. 

The total energy of formation of the crystal from its elementary 
compounds is given by the equation 

—Q=S+D+IE—EA—Vo 


OH 
Na(s) + 4Cl,(g) miei NBOI(C) 


E b — UNaCI 


l-E 
Na(g) + Cl(g)—— — ———9Ne Ci 
(free atom) 


" 


FIG. 22.4. Born Haber cycle. 


The value of Q is accurately known experimentall 

y for many sub- 
Stances and where the other thermochemical values are eyaileble it 
is possible to solve for the lattice energy be rearranging the afore- 
said equation as given below: 


Uo-Q-FS-ED-Ig— Eh. 
Examples. Calculate the lattice energy of NaCl crystal from 
3 th 
following data by use of Born Haber cycle. Heat of Sublimation for 
Na is 26.0 kcal/g, dissociation energy of molecular chlorine =57.2 
kcal(g), potential energy for sodium atom, 117.9 kcal/g, electron 


affinity of chlorine atom, —E —86.5 k i 
K E cal/g, heat of formation of 


Lattice energy Uo? 
—98.2=26+(57.2)+117.9—85.5—Uo 
U(NaCI)— —98.2 —28.6 —117.94-86.5— 184.2 kcal/g 


——-———————— M 4 à 993 0 
-— (— wu ——— —ÜÁ €t ee 00 
-— a 
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Uses of Born Haber Cycle 
Born-Haber cycle can be used for the determination of electron: 
affinities of elements which are difficult to determine by other 
methods, 
Example. Calculate the electron affinity of iodine with the help of 
the following data: 
(Q for)Nar =—68.8 (kcal/g), (S)Na =25-9 kcal(g); 


Uo—25.5 kcal/g 
(Dna =1184 kcal/g Uyar =— 165.4 kcal/g 
E=—68.8—25.9—25.5—118.4+165.4 
=—73.2 kcal/mole 


Born Haber cycle helps rationalise the existence of certain com- 
pounds and the non-existence of others. Born Haber cycle provides 
interesting insights into the energy factors operating in ionic 
compound, 


22.6. IONIC RADII 


The size of ions is determined by the attractive force exerted on the 
outerelectrons by the effective nuclear charge i.e. the true nuclear 
charge diminished by the effect of the inner or screening electrons. 
When a neutral atom is converted into a positive ion its size is 
expected to decrease since there has been a net increase in effective 
nuclear charge. On the other hand, there should be an increase 
in size when a negative ion is formed from the neutral atom. 
The distance between neighbouring positive and negative ions 
ina crystal is called ionic Radii. Some values of the interionic 
distances in some alkali metal halides is given in Table 22.3. 


If we subtract the interionic distance in a sodium halide from the 
interionic distance in the corresponding potassium’ compound, we 
getan almost constant value for the difference, A, as shown in 


. Table 22.4. 
TABLE 22.4 
Interionic Distances ` 
Interionic Distance/pm (KF-NafF, etc.) 
KF 3 . . 266 33 
NaF 233 
KCl 314 
NaCl 281 à 33 
“KBr 329 
NaBr 298 31 
KI 3 353 30 


Nal 323 
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This constancy can be explained if each ion acts as sphere of cons- 
tant radius; the measured interionic distance between two ions in an 
ionic structure is assumed to be equal to the sum of the radii of 
two spheres in contact ie. ` 


d=r4+r_ : 
Thus if we know the interionic distance and the radius of one of 


the ion, that of the other ion can thus be computed. It is thus 
possible to have a table of ionic radii 
r_=d—r, 

The interionic distances in case of crystals can be measured by the 
X-ray diffraction method. A discussion of trends in Chemical. pro- 
perties in relation to the periodic classification can often be linked 
with trends in ionic radii. A knowledge of ionic radii may be a 
guide to the structure of an ionic crystal. 


22.7. PROPERTIES OF IONIC SUBSTANCES 


There areseveral properties which distinguish ionic compounds 
from covalent compounds. These may be related rather simply to 
the structure of ionic compounds namely, a lattice composed of 
positive and negative ions such that the attractive forces between 
oppositely charged ions are maximized’ and the repulsive forces 
between ions of the same charge minimized. 


(1) Ionic compounds do not conduct electricity in solid state but 

' conduct electricity quite well when molten. The conductivity in the 
molten state is attributed to the presence of ions, atoms charged 
either positively or negatively, which are free to move under the 
influence of electric field. In the solid the ions are bound lightly 


in the lattice and are not free to migrate and carry electrical 
current. 


(2) Ionic compounds show high melting and boiling points. Ionic 
bonds usually are quite strong and they are non-directional. Since 
in ionic solids, the ions are held together tightly, a considerably 
amount of energy is needed to dislodge them from the crystal lattice. 
For example high melting point of sodium chloride is due to strong 
electrostatic attraction. between sodium cations and the chloride 
anions, and the lattice structure which results in each sodium ion 
attracting six chloride ions which in turn attracts six sodium ions 
throughout the crystal. The strong electrostatic forces existing in 
ionic solids also explain the low volatility and high boiling point. 


(3) The ionic compounds usually are very hard but brittle 
substances. The hardness of the ionic substances follows naturally 
from the argument given above, except in this case we are relating 
the multivalent attractions between the ions with mechanical sepa- 
ration rather than separation through thermal energy. The tendency 
towards brittleness results from the nature of ionic bonding. Ifone 


e BS 
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can apply sufficient force to displace the ions slightly, the formerly 
the attractive forces become repulsive as anion-anion and cation- 
cation contracts occur. 2 


. (4) Ionic compounds are often soluble in polar solvents with 
high dielectric constants. The energy of interaction of two charged 
particles is given by: 


where q* and q` are charges, r, is the distance of separation and s, 
is the dielectric constant which is 1.00 for free space and nearly the 
same for air. For common polar solvents, however, the dielectric 


constants have considerably higher values, the electrostatic forces 
of attraction between the ions weaken and get separated to one 
another to give solution. 4 


22.8. COVALENT CHARACTER IN PREDOMINANTLY 
IONIC COMPOUND POLARISATION 


When a cation approaches an anion closely, the net positive charge 
on the cation tends to attract the electron cloud of the anion to- 
wards itself due to the electrostatic force of attraction existing 
between them. At the same time the cation also tends to repel the 
positively charged nucleus of the anion. The combined éffect of 
these two forces is that the electron cloud of the anion no longer’ 
remains syrametrical but it is elongated towards the cation as shown 
in Fig. 22.5. This is called distortion, deformation or polarisation of 
the anion by the cation and anion is said to be polarised. The 
ability of a cation to polarise a nearby anion is called its polarisa-- 


oQ oc) ey 


No polarisation Distortion of union Non-ionic bond 


Fig. 22.5. Polarisation of an anion (A~) by a cation (C+). 
tion ability or polarisation power. The anion also has a similar 
effect on the cation i.e. the cation is also polarised by the anion. 
Since the size of a cation is generally $maller cation is polarised by 
the anion to a lesser extent i.e.. the polarisation of cation by an 
anion is considered almost negligible in most cases. The cations. 
have a strong polarisation power and the anions are more suscepti- 
ble to polarisation i.e., the anions have more polarisability. 


Factors Affecting the Polarisation of an lons—Fajans Rules 
Fajans considered the effect which a small highly charged cation 


» 
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„would have on an anion. Fajan suggested the following rules to 
„estimates the extent to which a cation could polarize an anion and 
thus induce covalent character. Polarization will be increased 
by 


(i) Charge on the cation or anion. Generally speaking the 
polatising power of a cation to polarise an anion increases with the 
increase in its positive charge. The reasor is that a cation having . 
higher charge can attract electrons more effectively. Thus in anhy- 
drous chlorides viz., NaCl, MgCl; and AICI; the polarising power of 
the cations Na*, Mg2* and AB* increase in order: Nat, Mgt, Alt, 
jur the positive charges on these cations also increase in the same 

. order. 


.. Similarly the polarisability of an anion also increases with the 
increase in its negative charge. This is because of the fact that with 
an increase in the negative charge, the anion will be able to repel its 
outermost electrons more effectively. Thus in fluorides and oxides 

„of a metal cation O?- ion is more polarised than F- ion because F- 
ion has only one negative charge while O?- has two negative 
charges. This indicates that oxides are more covalent than fluorides. 


(ii) Size of the ion, Polarising power of a cation depends upon 
itssize. Polarising power of a cation increases as the size of cation 
decreases. For example, the polarising power of the IIA group cation 
having same charge decreases from Be?* to Ba?+, due to increase in 
their size. 


(iii) Electronic configuration of the cation. A cation with 
18 electrons in its outermost shell has greater polarising power to 
"polarise an anion thàn a cation with 8 electrons in its outermost 
shell even if both the cations have the same size and charge. Fajans 
„rules given above can be summarized by saying that the molecules 
‘containing high positive charge on the cation, high negative charge 
on the anion, small cation or large anion are covalent in character 
while those containing low positive charge on the cation, low 
negative charge on the anion, large cation or small anion show 
ionic character. 


Applications of the Concept of Polarisation 


H $ — 


E ch (o) 


Fig, 22.6. Formation of Covalent bond. 


` 
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Itisalso called charge density or ionic potential and can be 
represented as shown in Fig. 22.6. f 


General Characteristics of Covalent Compounds 

(i) Physical state. Covalent compounds of low molecular weight . 
are those which have high molecular weight (ie. 10 dine). If they 
are solid at room temperature they are often soft. An increase in the 
polar character of the.molecule increases the hardness. 


(ii) Crystal structure. Solid covalent compounds possess crystal- 
line lattices consisting of separate molecules. Within the crystal the 
individual molecules are held together by weak intermolecular forces. 


(iii) Melting point and boiling point, Covalent compounds 
have low melting point and boiling point because the intermolecular 
forces are weak. 

(iv) Polar nature. When two atoms which are not identical i.e. 
are not of equal electronegativity e.g. H and Cl, form a covalent 
bond. 

(v) Solubility. Covalent compounds: are commonly soluble in: 
organic non-polar or weakly polar solvents but insoluble in water 
and polar solvents. 


22.9. VARIABLE ELECTRO VALENCY 


There are a nurhber of elements (transition or non-transiton) which 
show more than one valency in the formation of their compounds. 
This is due to the presence of unstable configuration of the- core in 
them (transition metals) and inert pair effect in (heavier p-block - 
elements). 


(i) The configuration of ions is not stable. The valency of 
an element depends upon the number of electrons present in the 
outermost shell of an atom; these electrons are, therefore, termed 
valence electrons. If all the valency electrons from an atom are 
removed, the residue is termed the core or kernel of the atom. The 
core obtained from anormal element is stable, since it has 2 or 8 
electrons. The configuration of cation, which show only one parti- 
cular valency is shown below. 


Nat 1522:22p6, Mg?* 1s22s?p$ 
K* 1s2s2pé3s2epé, Ca?* 1522522p63s?3p$ 


Several other ions particularly that obtained from a transition metal 
are unstable and one or more electrons may be removed from such 
configuration of the core to get, ions with variable oxidation states. 


Iron, cobalt and nickel form divalent as wellas trivalent ions. 
The divalent ions resulting from the loss of two electrons from the 
utermost shell have 14, 15 and 16 electrons in their respective outer- 
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most shells as shown below: 


Metal Configuration of . Ion Configuration of 


atoms ions 
Fe 2, 8, 3s2p%d64s2 Fe?t 2, 8, 3e2p$d$ 
Co 2, 8, 3s?p$d74s? Cott: 2,8, 3s2pod? 
Ni 2, 8, 3s2p%d84s2 Ni* . 2,8,3sp$d? 


Evidently the outer configuration of the divalent ions are s?péd* 
where x is 6, 7 or8 respectively, in Fe?*, Co?* and Ni?*. This con- 
figuration is not stable as the s?p$ configuration. Hence, these ions 
can easily loose one of the d-electrons producing there by the 
trivalent ions, namely Fe?*, Co3+ and Nit. These ions are, more 
stable since the effective positive charge on the nucleus is now higher 
and it prevents the elimination of any more electron. 

(ii) Inert pair effect. Some heavier elements such as Sn and Pb 
show +2 and +4 oxidation states. Since Sn and Pb atoms belong 
to the VI group of periodic table, +4 state is called its group. 
number oxidation state, G. These elements also exhibit +2 oxida- 
tion is +4 oxidation state: is obtained by loosing all the valency 
electrons, while lower oxidation state +2 is obtained when only np 
electrons are lost and the ns electron pair, due to its extra stability, 
remains inert i.e. it is not lost. Such a pair of ns-electrons is called 

, inert pair and the effect caused by it is known as inert pair effect. 
The reluctance of the s-electron pair to take part bond formation is 
known as inert pair effect. 


z 


For example a 
Gallium (At. No. 31) indium (40) and Thallium (81) 


Atom or ion Electronic configuration Remarks 

Ga 2, 8, 18, 3s?p! There are three valency 
electrons 

Ga* 2, 8, 18, 3s? 

Gat*® 2, 8, 18 Only one 32 electron 
is lost 
All the three electrons. 
are lost 

In 2, 8, 18, 18, 4s?p! 

Int 2, 8, 18, 18, 4s* 

Int 2, 8, 18, 18 

Ti ^ 2, 8, 18, 32, 18, 5s*pt 4 

TI* 2, 8, 18, 32, 18, 5s? 

dU. 2, 8,18, 32, 18 

Tin (At. No. 50) 

Sn 2, 8, 18, 18, 5s*p? There are four valency 

; electrons 
Sn% 2, 8, 18, 18 5s? 
Sn‘ 2, 8, 18, 18 


The inert pair effect is also shown by antimony and bismuth the 


* 
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elements of Group V. All these elements show +3 and T4, +5 
oxidation states, 


Antimony 
Sb 2, 8, 18, 18, 5s?p* 
Sb?* 2, 8, 18, 18, 5s? 
'"Sbt* 2, 8, 18, 18 
Bi 2, 8, 18, 32, 18, 6s*p* 
Bi? 2, 8, 18, 32, 18, 6s* 
Bi*5 2, 8, 18, 32, 18. 


22.10. COVALENT BOND 


G.N. Lewis in 1916 introduced the idea of the electron pair bond or 
covalent bond. He suggested that atoms of two elements may share: 
electrons in the striving to attain 


the inert gas structure. According Ga. Fiat 
to Lewis theory an atom inform-  ;ci*-XClÀ —9 FED 
inga covalent bond must share xi een 


not only an electron belonging to : 

another atom but also dus of its Cl, molecule: 
own electrons with the other : 

atoms. Thus the covalent bond is one, produced by sharing of two 
electrons by two atoms. For example, the chlorine molecule is 
composed of two atoms of chlorine held together by a bond com- 
posed of two shared electrons. Each chlorine atom originaly had 
seven electrons in its outermost shell, but by mutual sharing of two 
electrons both atoms attain the electronic structure of inert gas 
argon. 


Rules for Covalent Bond Formation 
The following rules are useful for the formation of covalent bond. 
(i) Normally two electrons pair up to form one bond. 
(ii) The atomic orbitals on the bonding atoms must overlap. 
(iii) For most molecules there will be a maximum of eight elec- 
trons in the valence shell. 
(iv) For elements with available d-orbitals, the valence shell can 


be expanded beyond an octet. 


(v) Electron-electron repulsion will be minimised. 


(vi) It has been assumed implicitly in all of these rules that the 
molecule will seek the lowest energy. 


Energies of Covalent Bond Formation s 
The formation of a chemical bond takes place only if the mutual 

approach of the atom is accompanied by a decrease in energy. 

When the two atoms are brought closer to one another, new forces 


of attraction and repulsion, are set in: The forces of attraction are 
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‘between the nucleus of one atom for the electrons of the other. The 
forces of repulsion between the two nuclei amongst themselves as 
* "well as between the electron of two atoms amongst themselves. The 


Attraction 


Attraction 
Fig. 22.7. 


forces of attraction and repulsion are presented in Fig. 22.7. 


(i) If the net result is attraction, the total energy of the system 
‘decreases and a chemical bond results. 


. (i) The net result is repulsion, the total energy of the system 
increases and no chemical bonding is possible. 


Let us now consider the process of formation. of hydrogen mole- 
‘cule from two hydrogen atoms. When the hydrogen atoms are 
Separated from each other 
bya large distance, there is 
no interaction between them 


and the potential energy of & Repulsion 

the system is conventionally £ a 

taken as zero. As the two 2 

hydrogen atoms approach $ 1 5 

each other, potential energy E i Attraction 
a 


gradually decreases as is 
shown in Fig. 22.8. The essen- 
‘tial condition for such energy 
lowering is, that the two Fig. 22.8. Internu:lear charge (A) 
electrons belonging to. two 

hydrogen nuclei must have opposite or antiparallel spins. The 
lowering of energy becomes maximum when the two hydrogen 
nuclei are at a distance of ro from each other. If these are forced 
even closer than ro, then coulmbic repulsion between the two hydro- . 
gen nuclei comes into play and thus proton-proton repulsion, being 
Very strong, increases the energy ofthe system sharply and the 
system becomes highly unstable. Thus, when two hydrogen nuclei 
aresituated ata distance of ro from each other, the energy of 
System is minimum. This state thus represents the hydrogen mole- 
cule, with ro being the length of the H—H bond. 


It has been observed that helium does not form Hez molecule. The 
Teason is that when two helium atoms approach each other, repul- 
sive forces overcome the attractive forces and therefore the 
individual atoms of helium can not come. close together to form 
a bond. Tae formation of helium molecule is also not feasible 
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i energetically, The repulsive forces are stronger than the attractive 

i forces. The energy of the system on the approach of two helium . 
atoms, therefore, increases and hence bond formation is not 
possible. 


22.11, MOLECULAR ORBITAL THEORY 


Any molecule is supposed to have orbitals associated with it in much 
the same way as a single atom has. Just as each electron in a single 
atom can be represented by a wave function, i, denoting a particular 
atomic orbital, so each electron in a molecule can be represented by 
similar wave functions denoting particular molecular orbitals. 


The various -molecular orbitals associated with a molecule have: . 
different energy values and may have different shapes. They serve 
the same purpose as atomic orbitals in giving, through d? values, 
the relative probable electron densities in space. The Pauli principle- 
applies to the molecular orbitals as to the atomic orbitals, so that no 
single molecular orbitals can contain two precisely similar electrons. 
This means that any particular molecular orbital can only contain 

F two electrons with opposed spins. : 


The electrons associated with a molecule, excepting those in the: 
inner shells of the atoms concerned, enter into molecular orbitals 
formation and these orbitals fill according to the energy and spin. 
considerations. The essential difference between an atomic orbital. 
and a molecular orbital is that an electron in the formeris influenced. 
by only one positive nucleus, whereas an electron in the latter is 
influenced by two or more nuclei. Thus one can assume that mole- 
cular and atomic orbitals have much in common and both seek to- 
describe the nature of an electron within a nuclear field. 


The most convenient way of working out the wave functions for 
molecular orbitals is to adopt LCAO (linear combination of atomic 
orbitals) MO method. This is an approximate method and is used. 


r p) 


Fig. 22.9. Overlap of orbitals. Fig. 22.10. Formation of covalent bond., 
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because the exact equations can not be solved. Let us consider the 


wave functions associated with 
A B 
Va Vs $ 
“the atoms 4 and B. The molecular orbital wave function can be 
written as 
f babs + ibe 

can be obtained by the combination of atomic wave functions Ya and 
djs. À gives a measure of ionic character of the bond between A and 
B and its value is dependent on the nature of A and B. va and Ya 
are equal for a diatomic molecule and the value of A is 1. 


A combination of two similar atomic orbitals as in H2 molecule 
gives the molecular orbital as shown in their curves shown in 
Fig. 22.9. The j-y curves for the c is molecular orbital, formed by 
combination of the two Y-y curves for 1s atomic orbitals. The bound- 
ary surface of the resulting molecular orbital is shown as below. 
As can be seen from here that there is an accumulation of negative 
charge between the nuclei. This holds the nuclei together at an 
equilibrium internuclear distance. The molecular orbital is called 
bonding orbital or o Is orbital, o because it is symmetrical about 
the molecular axis, 1s because it is formed by the combination of 1s 
atomic orbitals. The’ bond formed between two atoms by a o-mole- 
cular orbital is called a o-bond. 


_ The combination of two similar 1s atomic orbitals by subtraction 
is most easily brought about after charging the sign of one of them 
as shown below 


Qu qo 


(a) } : (b) 
Fig. 22.11. 


The j-v curves show that negative ch is wi 

e f at negat arge is withdrawn fro 
Bore between the nuclei. This is known as antibonding Sele 
ots. 


monate ma, ptm omms 
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A combination of two atomic orbitals must give two molecular 
orbitals to accommodate the available electrons. Each atomic 
orbital and each molecular orbital 


can contain two electrons with G* 1s 
opposed spins. One ofthe mole- RUNS 
cular orbital is bonding orbital, 4 ` 
the other is antibonding as shown Energy N 1— 
in Fig. 22.12. A molecülar orbital ite ees. iO 
that concentrates electron density ots 


in the region between the nuclei 
is called a bonding molecular Fiz. 22.12. Molecular orbitals for 
orbital. The  spatial-boundary H, molecule, 

picture of a molecular orbital, 

like that of an atomic orbital, outlines the volume that encloses most 
of the electron density and consequently has a shape given by 
molecular wave function. 


The order of energy of molecular orbitals has been determined 
mainly from spectroscopic data, In homonuclear diatomic mole- 
cules the order is : : 


ols, o*15, c25, o*2s, o2px, foe ee o*2py 


—- increasing energy. 


Electronic Structure of Molecules 


The electronic structure of molecules can be written on the basis 
of Aufbau or build-up principle. The electrons are fed into atomic 
orbitals the ones having the lowest energy are filled up first. Each 
molecular orbita! can accommodate a maximum of two electrons of 
opposite spins. In case there are number of molecular orbitals of the 
same energy (i.e. degenerate orbitals), Hund's rule. is applied to 
decide the order of their filling up. 


Hz molecule, The Hz molecule has two electrons which may be 
represented as 
A c Is? 
He;* molecule ion. The He2+ molecule ion has three electrons 
which may be represented as 
c Is?, c* Is! 
B; molecule, The B? molecule has total number of 10 electrons 


in molecule i.e. five electrons from each boron atom. The electronic 
molecular structure can be represented as 


1 
cls?, o*Is?, o2s?, o*2s?, T2py 
m2pz! 


Since z2p orbitals are lower in energy than o2px and n2py and x2pz 
orbitals are degenerate, according to Hund’s rule each molecular 
orbitals is singly occupied. 
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Nz molecule, In the N2 molecule there are fourteen electrons. 
distributed as under: 


n2py? 
als?, a*152, o2s?, o*2s?, o2px? n2p2? 
Energy d Energy 
Atomic Atomic 
orbitals orbitals 
Three 2px 2px Three 
degenerate degenerate 
orbitals orbitals 
Py. 2p: 2py,2pz 
2s 2s 


Fig. 22.13, Energy pattern for homonuclear diatomic molecules. 


Here one sigma (o2px) and two pi bonding pairs participate in the 
bond formation. This isin agreement with the bond formation as 
NN. Since there are no unpaired electrons in the molecule, N3 is 
diamagnetic in character. 


O; molecule, In the O; molecule there are sixteen electrons 
which may be represented as 


n2py? f m*2py! 
cls?, o* 1s, 0252, a*2$2, a2px?, { n2pz?, | n*2pz! 


This is because there are two unpaired electrons, 
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22.12. BOND ORDER 


The term bond order is used to express the multiplicity of the 
link between two atoms. It is used in several different ways and its 
precise meaning should be deduced from the connotation, When 
used in connection with molecular orbitals of diatomic molecules 
the bond order is the number of pairs of electrons having a resultant 
bonding effect. This is shown in Table 22.5. 


TABLE 22.5 
Example of bond order is applied to molecules orbitals 
Number of electrons 
in bonding in antibonding — Bond 
orbitals arbitals order 
H,’ 2 0 1 
H,* 1 0 12 
Hes 2 2 0 
0, 8 4 2 
0,* 8 3 21 
F; 8 6 i 


When used in connection with directed valence, bond. order gives by 
information about the number of bonds which make up the 
link between two atoms. The total bond order is the total number of 
bonds between the atoms; the term mobile bond order stands for 
the number of bonds between the atoms, Thus the total bond order 
in ethylene C=C is 2 and the mobile bond order is 1. In acetylene 
the total bond order is 3 and mobile bond order is 2. In conjugated 
systems the bond orders are usually fractional and the fraction has. 
to be calculated from a knowledge ofthe conjugated structure. It 
has been found that asthe bond length between two carbon 
tie aee the bond order increases. This is shown in 
able 22.6. 


TABLE: 22,2 
Bond length and bond order (on MO theory) 


LM ———— 


Substance Bond length Bond order 
es PUDE q te 

Ethane 1.54 1.00 

Graphite 1.42 1.53 

Benzene 1.39 1.667 

Ethylene 1.34 '. 200 


Actylene > 1.20 3.00 
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22.13. VALENCE BOND METHOD 


The valence bond theory describes the covalent bond and covalent 
bonding in molecules and complex ions in a quantitative manner. 
Tt places emphasis on the overlapping of atomic orbitals in the 
formation of bond. According to this theory, each atom uses 
electrons in one or more of its valence shell orbitals to form the 
covalent bonds. 


According to this method the position of an electron in a mole- 
cule are adequately described by atomic orbitals. This method can 
best be illustrated by considering the example of hydrogen molecule. 


The hydrogen molecule is composed oftwo protons Hı and Ha 
and two electrons e; and e. 


In order to describe this molecule, it is assumed that e1 occupies 
the Is orbital of hydrogen atom 1 and e occupies the Is orbital of 
hydrogen atom 2. Let the Is orbital of hydrogen atom 1 be designated 
by Sı and the Is orbital of hydrogen atom 2 as S;. The function [7M 
describes the positions of these two electrons in structure I of Fig. 
22.14 is given by 


ur SM e -o 


- e 
$ € e; e, e, E 
. . e . e o HSHH, 0:6; 
H, H; H, H, H, 
I I TI IY 
Fig. 22.14. The four possible structures for the hydregen molecules, 


4i=8;(1) S2(2) 


where the symbol S; (1) refers to the fact that e; is the orbital Si 
1 represents the orbitals of both the electrons and that such a two- 
electron function is formed as the product of the one-electron 
functions. Another possibility of the structure is II where the 
electrons are exchanged, the position of the electrors 


J2—81(2) S2(1) 

These two representations are equally probable. 

A better picture can therefore be obtained by taking into account 
both structures I and II. The function 4 that describes the positions 
; P two electrons is then formed as a linear combination of yı and 

E 

b=ayhit aab; 
=ai[S1(1)S2(2)]+-a2{81(2)S2(1)] 


Thus this wave function describes the 


two electrons i 
:structure Sin the covalent 


Hi—H2 
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However a still better picture can be obtained if we take into 
account structures III and IV i.e. 


35—81(1) S1Q) 
b4=Sa(1) $2) 


The new function for the hydrogen molecule can be described as a 
linear combination of the four functions ji, Y2, U3, U4 


b=arbit-aaye+ asst ata. 
On solving the Schrodinger equation with this value of the 
wave function, the energy of bond formation for hydrogen molecule 
comes to be —92 kcal/mol. This is in good agreement with the 
experimental value of —109.6 kcal/mol. . 


22.14. COORDINATE OR DATIVE BOND 


In acovalent bond, one electron is contributed by each bonded 
atom to a shared electron pair. In some cases both electrons in a 
covalent bond are supplied by one of the bonded atoms. This is 
called coordinate or dative bond. 

According to the orbital theory a coordinate covalent bond 
results when an orbital containing a lone pair of electrons in one 
atom overlaps with an empty orbital present in the other atom, 


The atom sharing the pair of electrons from the donor is called 
the acceptor. The sign from the donor to acceptor signifies a 
coordinate bond and the process of forming a coordinate bond is 
called coordination. It is important to note note that the coordinate 
covalent bond once forced is indistinguishable from a covalent bond. 
A coordinate bond may be represented as 
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d * 
H H H 

HUNT EH H ;NiH | or! H—N——H 
H H H 


Examples of Coordinate Bond 


(i) Formation of ammonium ion. Ammonia molecule which 
has alone pair of electrons can react with a hydrogen ion, H*, 
having a vacant s-orbital by donating the lone-pair to H+, whereby 
the H* attains its helium duplet, the NH3 molecule, with one lone 
pair is called a donor, and the H+’ which receives the lone pair is. 
termed an acceptor. 


(ii) Formation of hydronium ion. In water there are two 
lone pairs of electrons, A hydrogen atom loses its solitary electrons 
to form a hydrogen.ion 


(iii) Reaction between ammonia and BF; 
phase, aluminium chloride consists of simple molecules of 
AlCl; with covalent bonds between aluminium and chloride atoms. 
Since aluminium has only six electrons in its outer shell in 
aluminium chloride, two short of the noble Bas structure for neo: 


In the vapour 


n. 


[o 
- 
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h 


Nitrogen in ammonia has eight electrons in the outermost shell 
buttwo of these electrons are not shared with any other atom. 
When ammonia gas and aluminium chloride vapor are mixed they 
react rapidly to form the solid NH3.AICls. In this compound, the 
NH; and AICI; have formed a bond because the N atom in NH3 
can denote a unsheared pair of electrons towards the Al atom, 
Thus completing its octet 7 


where gaseous aluminium chloride is covalent, AlCl; dimerses to 
form molecules of AbCls where AlCl; molecules are held by dative 
bond 
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Characteristics of Coordinate Bond 


(i) They do not ionise in water and are poor conductors of 
electricity. 


(ii) They are very springly soluble in water. 


(iii) Since coordinate linkage results in semipolarity, in the mole- 
cule, the coordinate covalent compounds lies in between electro- 
valent and covalent compounds in their volatility. 


(iv) The coordinate covalent linkage is also rigid and directional 
and therefore the structure of such compounds holds out possibi- 
lities for space isomerism just as in covalent bond. 


(v) Conductivity. Covalent compounds are nonelectrolytes and 
do not conduct electricity when molten. ; 


(vi) Molecular reaction. Reaction between covalent mole- 
cules are much slow compared in those between ionie compounds 
because the former involves the breaking and reforming the bonds, 
while in the latter there is only regrouping of ions. 


(vii) Isomerism. The covalent bond are directional and as such 


there is a possibility of position and stereo-isomerism against the 
compounds, 


Types of Covalent Bonds 
Covalent bond may be single, double or triple covalent bond. The 
latter two bonds are called multiple covalent bonds. 


Single covalent bonds are formed by sharing only one 
electron pair between the bonded atoms e.g. 


welts v e .. 
3Cl° + xBe xCI$ or :CI— Be—Ci; 
ee s. v. .. 


ere x " 
oF xB MS or F—B-E 
. | 
:F E 
BF; Molecule 


xNX jid x 
xN% 305 of — XN—O; 


22.15, DEVIATION FROM OCTET RULE 


There are examples of molecules in which the octet rule breaks 
down i.e. atoms have electrons either less than eight (i.e. incomplete 
Octet) or more than eight (ie. expansion of octet). This fact can be 
illustrated by considering the following examples. 7 

(i) Incomplete octet. The structure of BeCb, BF; and NO- 
molecules as shown below indicate that the central atom viz., Be 
(in BeClz), B (in BF3) and N (in NO) are surrounded by four, six 
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and seven electrons in their valence shell respectively while other 
atoms of these molecules obey the octet rule. 


(ii) Expansion of octet. No stable molecule are known in 
which the atoms of the second pzriod have more than eight electrons 
intheir valence shell. Elements of third and subsequent periods 
however, form molecules wherein the atoms have more than 8 
electrons e.g. PCls, CIF3, SFe- 


In PCI; molecule phosphorus atom is linked with five chlorine 
atoms by five covalent bonds, showing that the phosphorus atom is 
surrounded by 5+5=10 electrons e.g. the octet is expanded. 
Similarly in SFe there are 12 electrons. 


Explanation of the Failure of Octet Rule 


Earlier it was thought that in covalent bond formation, atoms 
tend to acquire by the sharing of electrons, the stable configuration 
of nearest inert gas. Consequently the outermost shell of an atom 
can not have more than 8 electrons. Sidgwick in 1933 pointed out 
that the covalency of an element may exceed four and the octet may 
be expanded. The maximum covalency of an element actually 
depends on the period in which the element concerned is present. 


The maximum covalency of an element is limited according to the 
period in the periodic table, being 2 for hydrogen, 4 for the elements. ' 
of second period, 6 for third and fourth and 8 for all the rest. The 
aforesaid, rule is known as Sidgwick covalency rule, may be ex- 
pressed in the tabular form as: 


Period Element Atomic number Maximum covalency shared 
pair of electrons 
1 H 1 2 (G9) 
2 Li-F 3.9 4 (8) 
3 Na-Cl 11-17 6 (12) 
4 K-Br 19-35 6. (12) 
X Pb-I 37-53 8 (16) 
6 Cs-At 55-85 8 (16) 
7 Fr-onwards 87-onwards 8 (16) 


On the basis of Sidgwick’s rule the structure of PCls can be shown 
in Fig. given on the next page. 
Sudgen's view of singlet linkage. Sudgen's however believes 
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that octet rule is never violated and in PCls, the three chlorine 
atomsare linked with P-atom by three covalent bonds (i.e. 


EU G 
[e] [e] 


EX 


Ci [e] 


Structural formula 


Electronic formula, 


three electropairs are being shared between P and Cl atoms) and 
each of the two remaining two Cl atoms is linked to P-atom by a 
bond formed by the sharing of only one electron between P- and 
Cl-atoms. This bond which is established by the one sided sharing 
of only one electron between two atoms is called singlet linkage. 


Cuba ae 
We QE. m 


e cl 
Ex 2E 
N, E 
[c EEEE N i v. 
E  i-2Sccc--F 
D. UNC paz D 
CI: Cl F 


Fig. 22.15. Singlet linkage. 


22.16. HYDROGEN BOND 


When a hydrogen atom is bonded to a highly electronegative 
atom like flucrine, the electron-pair holding the two atoms together 
is displaced towards the electrcnegative fluorine atom, giving rise to 
the dipolar character in HF molecule: à 


OH; ort- 
as se 


P ET 
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Because of its Is configuration hydrogen atom does not any screen- 
ing electrons. As a result, in the HF molecule, a part. of tbe positi- 
vely charged nucleus (the proton) remains exposed and this residual 
positve charge attracts another: electronegative fluorine atom of 
another HF molecule, the H-atom acting as bridge or bond between 
the two F-atoms which may be represented as, 
84 8— 84 è- 


and this type of bonding is known as hydrogen bcnd. Thus, hydro- 
gen bond may be defined as the electrostatic force of attraction 
which holds two polar molecules together through the mediation 
of a hydrogen atom covalently bonded to an electronegative atom. 
It can also be defined as: 

The attractive force that binds a hydrogen atom which is already 
attached with a strongly electronegative atom of a molecule with 
another electronegative atom of some other molecule is known as . 
hydrogen bond. 


Types of Hydrogen Bonding 

Hydrogen bond has been divided into two major classes. 

(ii) Intermolecular hydrogen bond. The hydrogen occurring 
between two or more similar or different molecules is called inter- 
molecular hydrogen bonding. 

Examples of hydrogen bonding. When a number of HF 
SUES are brought together, the positive end of one dipole 
H—F attracts the negative end of the other similar dipole H—F and 
these molecules are associated together to form a cluster (HF)n 

81 8— 848- 84 8— 


Other examples are water and ammonia 
èt b+ 84 
H H H 
8—| 8+ |8— 8+ | 8— 
N—H...N—H...N—H 
184- 3+ | 541. 
-H H H 


8— 84 8— 84 8- 34 
..0—H...0—H...0—H t 
[3+ [8+ dèt 
H H H . 
The structure and properties of water and ice can be explained 
in terms of hydrogen tonding. The. unexpectedly high values for 
melting point, boiling point, molar heats of vaporisation and fusion 
ate due to the formaticn of H-bond. This extra bonding between 
H20 molecules also causes high surface tension and high viscosity.. 
Because of high surface tension of water which provides a sort of 
‘skin effect’, it is possible for small but relatively dense particles 
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such as razor blades and beetles to float on an undisturbed water 
surface. f 

The presence of two hydrogen atoms and two lone electron pairs. 
in each water molecule results in a three. dimensional tetrahedral 
structure in ice, (Fig. 22.16). Each oxygen atom in an ice is 
surrounded tetrahedral structure in ice. Each oxygen atom in ice 
is surrounded tetrahedrally by four others with hydrogen bonds 
linking each pair of oxygen atoms. 

The distance between adjacent oxygen atoms is 0.276 nm, more 
than twice the O-H distance 0.096 nm in gaseous water molecules. 
This suggested that the hydrogen atom Inking the two oxygen 


ROS Oe OS Dee O= 04-02 DL. 0x 
#=-H=--F --- H---F ---H---F---H---F---H---F 


b+ 5+ ô+ 
COUR 
eee este OA ak b+ 
+ 3 ES 
: H 9 H 


Fig. 22.16. Crystal structure of ice. The central oxygen atom, A is 
surrounded tetrahedrally by the oxygen atoms, 1, 2, 3, and 4. The 
ydrogen atoms are shown as small circles. - 
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atoms in ice is probably not between them. The arrangement of 
water molecules in ice creates a very open structure which accounts 
for the fact that ice is less dense than water at 0°C. When ice melts, 
the regular lattice breaks up and the water molecules can pack 
more closely and so the liquid has a higher density. The anomalous 
physical properties have a staggering influence biologically and 
environmentally. ` 

The fact thatice is less dense than water at 0°C means that 
ponds and lakes freeze from the surface downwards and the layer of 
ice insulates the water below presenting complete solidification. 
If ice were more than water, water would freeze from the bottom 
upwards and ponds would freeze completely killing fish, aquatic 
plants and other water living creatures. But for the hydrogen 
bonding, water would probably be a gas under normal atmospheric 
conditions, oceans, lakes and river would never exist and it would 
never rain. 

(ii) Intramolecular hydrogen bonding (chelation). Hydrogen 
bonding occurring within a single molecules is called intramolecular 
H-bonding. In intramolecular hydrogen bonding the H-atom is 
bonded to two atoms of the same molecules. This type of H-bond- 
ing may lead to the linking of two groups to form a ring structure 
and such an effect is one kind of chelation. For example 1, 2-sub- . 
stituted benzene compounds, 2-nitrophenol boils at 214°C as com- 
pared with 290°C for 3-nitrophenol and 279°C for 4-nitrophenol. 
Moreover 2-nitrophenol is more volatile in steam and less soluble in 
water than the other two isomers. 2-nitrophenol contains an internal 
hydrogen: bond. 


Or 


T 
Š 


Properties of Hydrogen Bond } 

(i) Hydrogen bonds are noted between highly electronegative 
atoms such as fluorine, oxygen, chlorine and nitrogen. 

(ii) Hydrogen bond is comparatively weak, their energies being 
only of the order of 5 kcal (6.7 kcal for FHF, 4.5 kcal for OHO, 
1.3 kcal for NHN) as campared with roughly 100 kcal for ionic or 
covalent linkages. 

(iii) Hydrogen bond is different than covalent bond because there: 
is no sharing of electrons. : 
(iv) Hydrogen bond is formed more easily when both the atoms. 
are highly electronegative. For example; the case of formation of à . 

hydrogen bond in 4-H... B increases with the increase in the 


-~I 
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electronegativity value of atom A represented as XA. This clearly 
explains that the tendency of A-H bond to form a hydrogen bond 
increases from N-H through O-H to F-H since XN, XO, XF. 


Theories of Hydrogen Bonding 
In order to explain the .nature of hydrogen bonding various 
theories have been putforth, some of these are: 


(i) The electrostatic theory. The fact that hydrogen bonding 
Occurs only between very electronegative elements, suggests that 
electrostatic interaction between polar groups may be sufficient 
explanation. 


Let us consider the covalent bond between hydrogen and some 
very electronegative atom A. The electron charge cloud between the 
two atoms will be considerably distorted to give a greater concentra- 
tion of electron density in the vicinity of A and a strong dipole will 
be produced. A second electronegative atom P attached to another 
‘molecule or atom will also form negative end of dipole on A—H and 
the negative charge on B will be greater than repulsive forces bet- 
ween like charges. The closer the B can approach H, the stronger 
will be this electrostatic link between them. The strength of the 
electrostatic attraction can be calculated approximately, by assuming 
a model in which the orbitals are represented by point charges at 
their controids. Lone pair of electrons play an important part in 
determining the strength and direction of hydrogen Fonds. Calcula- 
tions on the water molecule indicate that the strongest bond is 
formed when the O—H axis of one molecule is co-linear with the 
lone pair axis on the oxygen atom of neighbouring water molecule. 
‘Calculations of this kind usually give a reasonable hydrogen bond 
energy of about 2 kJ mole-!. However there are some objections to 
‘this theory, and it seems that in many cases hydrogen bond may 
have some covalent character. 


(ii) Valence bond treatment. Coulson and Danielsson have 
attempted to determine the covalent contribution to the hydrogen 
‘bond by considering structures such as 


A—H covalent 4— H bond 
A-H*...B jonic 4A—H bond 
A-H— B+ covalent H— B bond. 


The calculations are necessarily approximate, and involve a 
Considerable number of assumptions, but indicate that the covalent 


E NUN may be appreciable, especially in ‘short? hydrogen 
onds. 


(/) Molecular orbital treatment. Pimentel has discussed 
hydrogen bonding in the HF; ion using molecular orbital theory. 
According to him, 1s, orbital of hydrogen atom combines with two 
2p atomic orbitals of two fluorine atoms along the bond formation 
axis. Thus if the p orbitals of two fluorine atoms are denoted P and 


"———X 


— M 


— P 
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P, the symmetrical F-H ... F bond is described as 
v1 (bonding) =P4+Psa+ais 
U2 (non-bonding)— P4-- Ps 
v3 (antibonding) =P4+Ps—a3s 


where aj and a3 are mixing coefficients. The two electrons involved 
in bond formation are contained in a molecular orbital (ii) which 
spreads on either side of hydrogen atom, thus forming two equi- 
valent weak bonds. Two electrons are concentrated mainly on the 
fluorine atoms in the non-bonding orbital 2. 


Application of Hydrogen Bonding 


It can be realised that without hydrogen bonding, water would 
have existed as a gas like hydrogen sulphide. In that case, no life 
would have been possible on this globe. 


Hydrogen bonding also exists in all living organism whether of 
animal or of vegetable kingdom. Thus it exists in various tissues, 
organs, blood, skin and bones in animal life. It also.plays an impor- 
tant role in determining structure of proteins which are so essential 
for life. It also plays an important role in making wood fibres more 
rigid and thus makes it an article of great utility meet requirements 
of housing, furniture, etc. The cotton, silk or synthetic fibres owe 
their tensile strength to hydrogen bonding. Thus hydrogen bonding 
is thus a phenomenon of great importance in everyday life. 


22.17. METALLIC BOND 


Metals have some very characteristic properties. Each atom in the 
crystal has a very high coordination numbers (normally twelve 
and sometimes eight), and the structure has high electrical and 
thermal conductivity; they are very opaque and have high reflecting 
power ie., are. lustrous. These are generally, hard, ductile and 
malleable. Metals have high melting and boiling points, Such pro- 
perties cannot be accounted for in terms of normal ionic or covalent 
bonding hence that the idea of a special type of bond called metallic 
bond is necessary. Since metal atoms are packed together close to 
together in the crystal; this implies that there is ‘extensive overlap 
of the outer electron orbitals and that the valence electrons can no 
longer be associated with a particular nucleus, but are completely 
delocalised over all the atoms in the structure together to fill space 
as completely as possible. There are two ways of *close-packing' of 
identical spheres; one of these has haxagonal and the other cubic 
symmetry, but in each case the coordination number is twelve. The 
*body-centred' cubicstructure of the alkali metals is less closely 
packed and the coordination number in this case is eight. 


Metals have very distinctive properties. In particular they are 
good clectrical and thermal conductors; they are very opaque and 
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have high reflecting power, i.e., they are lustrous. Metals are gene- 
rally hard, ductile and malleable; and have very high melting and 
boiling points, though the numerical range is wide. These crystallise 
jn crystals with high coordination numbers of 12 or 14. Such pro- 
perties of metals cannot be explained on the basis of normal ionic 
or covalent bonding. Since all the atoms of a metal crystal are 
identical these cannot be bound together in an ionic crystal. van 
der Waals forces are much too weak to account for high melting 
points of metals. Also each atom in a metal crystal cannot be bonded 
to each of its 8 or 14 neighbours by ordinary electrons is insuffi- 
cient for the formation of covalent bonds with all the close or 
closest neighbours. Consider the case of lithium, it has cne valence 
electron, the electronic configuration being 1s s. Itis not possible 
for one lithium atom to get bonded to eight other atoms through 
covalent, i,e., electrons pair bonds, as it contains only one valency 
electron. But it has 4 valency orbital (viz. 2s, 2p, 2py, 2pz) availa- 
ble. Hence besides its own valency electron, the valence electrons 
of the neighbouring atoms can also come quite close to its nucleus. 
In other words, there can be complete freedom of movement of 
electrons in the vacant valence orbitals around the nucleus of each 
lithium atom, ‘The valence electrons of metallic atoms, thus are not 
localized at each atom. Metallic bend may be regarded as the one 
which tells as to how the metal atom in a metal crystal are bonded 
together. A brief account of theories of metallic bond is given 
below: i 


Electron Gas Theory 


Drude in 1900 has developed this theory which was later modi 
by Lorentz (1916). r modified 


According to this theory each atom in a metal crystal looses all 
its valence electrons, The electrons thus obtained form an electron 
pool or gas. The resulting positively charged metal ions are believed 
to be held together by this electron pool or gas. The positively 
charged metal ions do not float randomly in the sea. of electrons 
but have definite position at measurable distances from each other 


Fig. 22.17. Structure of metallic crystal. 
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in crystal a lattice. Since the valence-electrons are not attached to 
any individual ions or pairs of ions, but belong to the crystal asa 
whole, they are free to move throughout the lattice from one part 
of the crystal to the other as gas molecules move freely throughout 
the container. According to this theory, metallic solids may be 
regarded as a collection positive atomic cores immersed in a fluid of 
mobile electrons or sea of mobile electrons (see Fig. 22.17). Hence, 
the force that binds a metal atom to a number of electrons within 
its spheres of influence is known as metallic bond. 


Valence Bond Theory 


Pauling approach to the problem of binding in metals is essen- 
tially modified version of valence bond method that was used in 
explaining the concept of covalency. According to him, the structure 
of metals and alloys, may be described in terms of covalent bonds 
that resonate among alternate interatomic positions in the metals. 
Although the number of nearest neighbours of an atom in a metal 
exceeds its valence electrons. He postulates that resonance permit 
the existence of normal covalencies which resonate between all 
possible equivalent pairs For example potassium whose atom 
possess one valence electron crystallize intoa body centred struc- 
ture so that each atom has eight equivalent neighbours together with 
six other, close neighbours. Since each potassium atom has only 
one neighbour at one particular time, however, the concept of 
resonance permits the bonding electron pair to be considered as 
existing at first hetween one pair of atoms, and then another and 
another etc. Consequently the distribution of valence bonds, each 
containing an electron pair, may be represented for a crystal of 
potassium metal in the following structures: These structures indicate 
the possibililies of two bonds to one atom and none to another, 
which implies that the metallic bond possess characteristics of both 
ionic and covalent bonding. However, because of resonance varia- 
tions it must be different from either. Furthermore, to account for 
the properties of a metal, the valence bonds must be considered as 
resonating at random among the various possible positions. Pauling 
regards potasssium atom as well as about three: forth of all other 
metal atoms as possessing an extra orbital in addition to those 
normally occupied by unshared or bonding electrons. The particular 
orbital is called the metallic orbital, and it plays a special role in 
metallic resonance. In the resonating structures for potassium metal 
one of the atom has formed two bonds by attaining the K^ con- 
figuration. To form the extra bond, this particular atom must be 
holding two electrons instead of one, as in normal atom. Therefore 
the atom designated as K- must have an extra orbital available, and 
this is the so called metallic orbital. 

K-K K K K -K 
K-K K K K K 


Molecular Orbital Theory 
The delccalisa‘ion of free electron orbitals over all the atoms of 


de 
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a metal structure is, essentially, a molecular-orbital approach to 
metallic bonding. We know that when two atoms combine to form 
a diatomic molecule, two molecular orbitals are formed by the 
overlap of atomic orbitals of the combining atoms. When a third 
atom is added to the diatomic molecule, three molecular orbitals 
are obtained, and in general, when there is overlap of orbitals on 
N atoms in the solid structure, N molecular orbitals will be obtained. 
Now each orbital has an associated energy value and Figure 
illustrates diagrammatically the difference between the energy level 
of two orbitals of an isolated atoms and the large number of 
closely spaced levels which result from the overlapping of 
orbitals in a metal structure, The level become so close together in 
the metal that they effeetively form a band of energy values. These 
bancs may be separated from each other so they may overlap. 
Each level can accommodate two electrons, so that, if there are N 
‘free’ electrons, the first N/2 states will be doubly occupied. 


Properties of Metals ^ 

(i) Conduction phenomenon. Metallic material in general show 
high electrical conductivity without material transfer and high 
thermal conductivity, Electrical conductivity is a periodic function 
of atomic numbers being highest (per atom) for univalent metals, 
less for divalent metals and at minimum values for multiple electron 
metals. In general it decreases with temperature and resultant in- 
crease in the frequencies of atomic vibrations, 


(ii) Optical properties, Metals are uniformly lustrous and all 
but copper and gold are silvery of grayish. It is apparent, except 
copper and gold, that metals must absorb light of all frequencies 
and immediately radiate it. 


(iii) Mechanical characteristics. Metals are characterised by 
such mechanical properties as ductivity, malleabillity and flow upon 
application of stress, Although there is little resistance for deforma- 
tion, there is an ample evidence for existence of strong cohesive 
jp which resist. the complete fracture of disruption of the 
object. 


(iv) Emission phenomena. Many metals when exposed to 
radiation of short wavelength or when heated to sufficiently high 
temperature emit electrons. These are respectively, the phenomena 
of photoelectric and thermionic emission, In photoelectric emission, 
there is always a- limiting or threshold frequency below which no 
emission occurs, It is evident, then that an electron must be given 
a certain minimum amount of energy before it can escape from the 
metal. Photoelectric emission is temperature-independent up to the 
point at which thermoionic emission begins. Above this temperature 
electrons are emitted as a result of thermal energy. 


Structural characteristics. Unlike the solid non-metallic 
elements which are made up of aggregations of discreate molecules 
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and are comparatively open- and with low densities, metals possess 
close packed structures in which each atomic particle is associated 
with a number of close neighbours. 


Although these are properties which are thought of as characteriz- 
ing all metallic substances, it must be emphasized that there are 
many borderline cases where an element possess some metallic pro- 
perties and some nonmetallic ones. For example, antimony, 
germanium and lithium. 


According to Bernal a metallic bond should possess the following 
characteristics: 


(i) Ability to act between identical metallic atoms and at the 
same time between widely metallic atoms. 


(ii) Lack of direction, as shown by retention of properties in 
the liquid state, and a saturation is permitted large number 
of close neighbours 


(iii) Equilibrium repulsive force which is atomic in nature. 
(iv) Ability to permit electron transfer from atom to atom. 


(v) Attractive force varying inversely as some high power of 
the internuclear distance. 


Insulators. These are those materials in which valance electrons 
are bound tightly to their parent atom and hence require very large 
electric current to remove from the attraction of nuclei. 


In terms of energy bands, an insulator has empty conduction band 
i.e. there are no electrons in this high energy band of the valence 
shell. The energy gap between valence shell band which is com- 
pletely-filled (nonconduction band) and the conduction is very large. 
Thus energy required for shifting an electron band is very high 
and is therefore, not. normally available. This explains that non- 
metals are insulators. 


22.18, HYBRIDISATION: (PROMOTION OF ELECTRONS) 


The formation of bonds by overlap cf two atomic orbitals, requires 
that each of the two orbitals must contain one unpaired electron and 
that the two electrons must have different spins. This is because the 
molecular orbital formed by the overlap. can only hold two elec- 
trons and they must have opposed spin by Pauli principle. 


In this way, then, the number of bonds which an atom might be 
able to form depends to some extent, onthe number of unpaired 
electrons in the atom. Interms of unpaired ‘electrons, beryllium 
would be expected to behave as an inert gas, boron might be expect- 
ed to be monovalent like fluorine, and corbon would be divalent 
like oxygen. 


To meet the known chemical facts it must be assumed that some 
of the paired electrons are uncoupled or unpaired before the atom . 
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participates in chemical bonding. This will require an input of 


energy, but such energy will be available from the heat of reaction 
when covalent bonds are formed. " 


1s 


2px, ?py, 2pz 


Fig. 22.18. Two co-linear Sp orbitals, 


The unpairing of electrons requires the removal of a 25 electron 
into a 2p orbital of higher energy level. This process is referred to 
as promotion is sometimes referred to as an excited valence state. 


The excited state of beryllium, boron and carbon are as follows. 


_ .. Such an excited valence states Provide enough unpaired electrons 
for beryllium to form two, boron three and carbon four, bonds, but 
they are not the bonds, actually found in practice. 


The excited structure given for carbon would give three bonds 
involving p-orbitals which would be right angles to each other 
together with a single bond involving an s-orbital. Methane, CH, for 
example would be expected by comparison with water and ammonia, 
to contain three s-p bonds mutually at right angles, and one weaker 
s-s bond. It is well established, however, that the four bonds in 
methane are all alike and are arranged tetrahedrally, 


The answer to the problems posed at the end of the preceding 
Section lies in concept of hybrid orbitals. This distinction between 
s- and p- and d-orbitals must ‘be abandoned, so long as they have 


equivalent, hybrid orbitals. Such hybrid orbitals are more effective 
in forming strong bonds than ‘pure’ s, p and d orbitals, 
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Sp (Linear or Diagonal) Hybridisation N 
The combination of an s- and p-orbital leads to two. hybrid 
orbitals known as sp orbitals. The two sp-orbitals are colinear, when 
superimposed, as in Fig. 22.18. In beryllium chloride the two sp 
hybrid orbital of beryllium overlap two 3p-orbitals from two c lo- 
rine atom. à 


s 2s 2 
Be in (ground state) Eu] Fr 
excited state 
T TE in BeCh 
© Oo Gó 
i; | p sp 


Fig. 22.19. 
5-p? Hybridisation 
The combination of 15 and 2p orbitals give rise to three sp hybrid 
1s 2s 2p 


Boron atom (ground) [T pi : 
Boron atom (excited) 
Boron atom in BCl; 


E 


Fig. 22.20. 
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orbitals. In BCls, the three sp hybrid orbitals of boron overlap three 
3p orbitals from chlorine atoms. 


Sp? Hybridisation. 
The combination of 1s and three p orbitals gives rise to four sp? 


hybrid orbitals. In CH4 the four sp? hybrid orbitals of carbon over- ' 
lap four 1s orbital from four hydrogen atoms p 


Is E 2p 
Carbon atom (ground) [] 
Carbon atom (excited) OO BET] 


Carbon atom in CH4 wo mam 


» 


109.28 
e M 
Fig. 22.21. 


sp?d (Trigonal Bipyramidal) 


The combination of one s, three p and one d orbitals gives rise t 
five sp3d hybrid orbitals. In PCls the five sp3d hbri o bitai of 
phosphorus overlap three p and two d orbitals of chlorine atoms 


p (ground) m T Fir I] 1 "T Fm] 
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p (excited) 4) 
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Fig. 22.22: 


A combination of one s three p and two d atomic orbitals leads to 


six hybrid orbitals which are directed octahedrally 


S (ground state) 


S (excited) 


S atom in SFe 
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Fig. 22.23 
. Before sulphur can form octahedral bonds by sp3d2 hybridisational 
doubl ion i i i 


- The main type of hybridisation which Occur together with some 
typical examples are summarised in table below: 


Hybrid No. of Geometrical Typical example 
orbitals bonds arrangement 
= 
sp 2 linear or diagonal BeCl,, C,H, 
sp* 3 Trigonal BeCl,C,H, 
sp* 4 tetrahedral CH,, CCl; SnCl, 
SO,, NH, 
dsp* 4 ' Square planar 
Sp*d 5 “trigonal $ 
K bipyramidal ; PCI, 
disp? 6.4 octahedral Fe(CN),Cr(NH,), 
sp’d? 6 ” FeFy 


22.19. POLARITY OF BONDS 


As the shared electron pair between the atoms will necessarily be 
shared equally by both the atoms and h 


displacement of electron pair towards 4 in 
develop a fraction of negative charge 3- on 
X 


* e 
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positive charge, 3*, on atom B. These fractional charge should not 
be confused with unit charge. Under these circumstances the 
è- B+ 


molecule AB will be depicted is A—B and the bond between A 
and B which has some ionic character is called polar covalent bond. 
The bond between the two like atoms (e.g. in H2, Clo, etc. molecules) 
is called a nonpolar or homopolar covalent bond or simply covalent 
bond. Actually covalent bonds also have slight ionic character e.g. 
the bond H—H in H2 molecule also has about 2% ionic character 
which arises from the small contributions of the ionic resonance 
structures to the total structure of Hz molecules. 


On the other hand, in a combination of unlike atoms such as HCl 
(a covalent compound), the electron pair is not shared equally by the 
two atoms. Since chlorine atom has a greater attraction for electrons 
thau hydrogen atom, a pair of electrons is shifted towards the 
chlorine atom and away from the hydrogen atom, Such a shift in 
electrons creates an electrical imbalance; the chlorine end of the 
molecule tends to be nepatiyely charged and the hydrogen and is 


positively "charged (H—Cl). Thus the molecule acts like a small 
magnet. Such electrically unsymmetrical molecules are called dipoles 
and the bonding between the two atoms is described as polar bond. 
The polar covalent bond in varying degree of polarity represents 
intermediate steps between purely covalent and ionic bonds 


Stowe Be 
H š% H HCl; 
nonpolar li polar 


The polarity or ionic character of a covalent bond depends on the 
electronegatives of the atoms that share the pair of electrons. The 
tendency shown by the atom of an element to attract the shared pair 
of electrons in a covalent bond is a measure of electronegativity of 
the atom. According to the concept of Linus Pauling the electro- 
negativity values range from. 4.0 for fluorine to 0-7 for cesium. A 
covalent bond formed between two atoms having different electro- 
negativities has a partial ionic character, 


22.20. SIGMA AND PI BONDS 


An atomic orbital is a region in space uear the nucleus of an atom in 
which there isa high probability of finding an electron. According 
to Pauli Exclusion Principle each electron in an isolated atom 
occupies a definite orbital and each orbital is capable of accom- 
modating two electrons with opposite spins. If an orbital contains 
two electrons, they can not take part in chemical bonding unless. 
unpairing occur first. However, a covalent, bond is set up due to 
overlap of atomic orbita]s of the two combining atoms, The strength 
ofa covalent bond is closely related to the extent of overlap of the 
atomic orbitals concerned. 5 


' 
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When a single bond is formed between two atoms by overlap of 
orbitals along their axis (end to end Overlap), the bond form is strong 
and is called sigma (c-) bond. An overlap between two s-orbitals, 
an s-orbital and one lobe of p-orbital, or two lobes of two p-orbitals 
always gives rise a sigma bond, (Fig. 22.24). 


O-O-QD 


À s $—. 


OCO-BO 
CO GOCA 


Fig. 22.24. 


Because of the three dimensional character of the’orbitals involved, 
rotation about a single eovalent bond is possible, rotation does not 


: alter the degree of overlap of the orbitals involved. Bond of this 


type possessing axial Symmetry are called c-(sigma) bonds. 


A double bond consists of a sigma bond and another type of 
bond called x (pi) bond. x-orbitals are usually formed by side to 
Side overlap of P orbitals. 


+ e 
p p à 


7" Bond 
Fig. 22.25. 


The overlap of p orbitals occurs two places in'the space rather 
than single region as ina a-bond. If the atom constituting the x 
bond are rotated relative to one another about the molecular axis, 
the overlap will be decreased, resulting ina weakening of the covalent 


bond. Hence, there is no free rotation possible around the bond 
axis of a x bond, 


22.21. VALANCE SHELL ELECTRON PAIR REPULSION 
THEORY. 


Historically the spaces of many molecules were determined by 
organic chemists in the middle of 19th century. Recently such tech- 
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niques as molecuar spectroscopy, X-ray, neutron and electron difrac- 
tion and electron microscopy have confirmed these deduction and. 
have provided precise information about mólecular shape. As more 
knowledge about the molecular shapes developed it was realised that 
molecular shapes must result from orientation of the covalent bonds 
in different directions in space. It was argued that the shape was 
controlled by a 'central' atom bonded to two or more other atoms, 
The shape of a molecule can be predicted by valence shell electron 
pairrepulsion VSEPR hypothesis and the application of valence 
bond theory. 


/ 

The VSEPR method assumes that the electron pairs in the valence 
shell of a central atom take positions as for removed from each other 
as possible. This may be looked upon as repulsion between the 
electron pairs or as a consequence of the Pauli exclusion principle. 
The taking of different positions as far removed from each other as 


2 H 
3C! $ Bes H3CiH 
i H 
Linear Trigonal planar Tetrahedral Trigonal Octahedral 


= bipyramidal 


possible prescribes certain symmetric arrangements of the electron 
pairs. The particular arrangement depends upon the number of 
such pairs surrounding the central atom. To predict the shape of a 
molecule such as BeCln, BF3, CH4, PCls and SFe, write the electron 
dot formula. count the number of electron pairs, in the valence shell 
of the central atom and imagine these pairs to be oriented in space- 
symmetrically. Thus BeClo exists as linear molecule because two 
pairs of valence electrons on beryllium orient at 180° from one 
another and the two chlorines bond according 10 this orientation, 
Similarly BF3, CH4, PCls and SFs will have trigonal plannar, tetra- 
hedral. trigonal bipyramidal and octahedral respectively as shown 
in Fig. 22.26. j 


WAS AC 


H 
Bond <= 109.5" Bond <=106.8" Bond<=104.50° 


Fig. 22.26. The three molecules with lone pairs added showing 
the tetrahedral arrangement of the electron pairs. 
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The VSEPR method can also be used to predict the shapes of 
molecules in which one or more pairs of electrons in the valence 
shell of the central atom are not bonded to other atoms, Let us 
consider water and ammonia as an example 


The central atoms in ammonia and water all contain four pairs. 


These four pairs should be arranged tetrahedrally around the 
central atom. From experiment the shape of ammonia molecule has 
been shown to be pyramidal and that of water to be bent. The 
bond angles for ammonia and water ‘are not exactly tetrahedral as is 


“other” end of the bond occupies more space on the nitrogen atom 
than'a bonding pair. Due to electrostatic repulsion, it pushes the 


lone. pairs this effect will be Stronger, Each lone pair thus 
might be expected totake more space than a bonding pair. Since 
the negative charges of the bonding pairs are partly neutralised by 
the hydrogen nuclei, they might be expected to assume an arrange- 
ment requiring them to be closer together. 


positions, but the exact. symmetrical arrangement may be modified 


` The following guidelines may be used in Most cases for predict- 
ing shapes of simple molecules. 


1. Write the electron dot-formula for the molecule or ion. 


2. Determine the total, number of lone pairs and bond pairs 
around the central atom from the electron dot formula. 


D 


Total pairs bond pairs--lone electron pairs (around the central 


atom). 
3. Use the total Pairs to predict hybridisation and “overall” 


shape, assuming that these pairs will orient in space as symmetri- 
cally as possible. 


4. In describing the molecular shapes, relate the Spatial positions 
of the atoms to a geometrical shape, ; 


——— 
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Problem. Predict the shape of F,0 


Solution. (i) Electron dot formula F O:F 
(ii) Total pairs=24+2=4 
(around the central atom) 
(iii) sp? tetrahedra! orientation 
(iv) Shape is angular. 


22.22. RESONANCE 


There is, in. fact, plenty of evidence that the actual chemical 
bonds occurring in chemical compounds are of a type intermediate 
between pure ionic and pure covalent bonds. A covalent bond may 
have some ionic character or a bond may besomething in between 
a single and a double covalent bond. 


The actual electronic arrangement in a compound which cannot 
be statisfactorily represented in one single structural formula using 
accepted symbols, had to be represented in terms of other possible, 
though non-existent structures which consist of a mixture of the 
various possible structures. For example carbon dioxide molecule 
a be represented in terms of three possible structures shown 

elow: 


o=c=0 Oc—-c—0 0=>5C-— 0 
SAS mes cd H m x 
Qi € 30 10: c: oO: 10i [9 
t x 
I iu II 


The actual structure of carbon dioxide which best accounts 
for allits properties would be something. that is closely related to 
all the three possible structures, but something which is different 
from all of them. 


The actual structure of the molecule is said to resonate between 
the structures I, II, III. In other words the actual structure of the 
molecule is a resonance hybrid of the three structures. The actual 
Structures I, II and III are known as canonical forms. Various 
analogies have been suggested to facilitate the building up of a 
visual picture of what resonance means. For example rhinoceros, 
which has an actual existence, is thought of, as a sort of resonance 
hybrid in terms of unicorn and dragons, which do not exist. 


The resonance hybrid is a more stable structure than any of the 
canonical structures. Let us consider that a resonance hybrid „has 
two resonating structures I and II which have the wave functions 
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yr and jg. The suitable linear combination of these wave functions 
gives us third wave function which corresponds to a lower energy 
value; i.e. Ý 

bm =N(Cr 9i Cn dg) 


The resonance energy of a substance may be defined as the extra- 
stability of the resonance hybrid as compared with the stable of 
the resonating structures as shown in Fig. 22.27. 


Energy of structure T 


so Comat of structure II 


Resonance energy 


Increase in stability 
Increase in energy 


— Energy of actual structure 


Fig. 22.27. Illustration of increased stability of the actual structure. 


Examples of Resource 


Thejmethod of combining two or more structural formulas to 
represent a single chemical species is called the resonance method. 
The method is used not only for the construction of electronic 
formulas but also as the basis of one method for doing approximate 
quantum mechanical analysis for molecular structure. The 
following examples illustrate the resonance phenomena, 


(i) Consider the benzene molecule which has six carbon atoms 
(CsHe) arranged in a Ting, We can draw two resonance structures 
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with alternate double bonds. However the structural studies reveal 
that all carbon-carbon bond distances are equal. 

Nitrate ion has resonating structures shown on page 652. 

The sulphate ion is a resonance hybrid of following six structures, 


203 


The resonance hybrid of six equivalent structure (I-VI) of SO? 
would have an average S-O bond order of It. The partial double 
bond order of S-O bond length has been confirmed. by the actual 
observed: bond length 1.49À which 0.21À 'shorter than the standard 
S-O single bond length of 1.70 À which is obtained by adding the 
atomic radii of sulphur 1.04 A and oxygen (0.66 A). 


PROBLEMS 


1. What is chemical bond? When is a chemical bond formed between two 
atoms? 

2. Why do atoms combine to form molecules? Give examples. 

3. What do you understand about ionic bond? What are the conditions for 
the formation of an ionic bond? 

4. What do you understand about covalent, boad?. Describe its conditions 
for the formation of covalent bond? 

f electronic theory of valency. Explain clearly the diffe- 
rence between electrovalency, covalency and coordinate valency: How do’ cova- 
lent compounds differ from electrovalent compounds? 

6. Write down the electronic formula of hydrogen. chloride, magnesium 
chloride, hydrogen peroxide, hydrogen sulphide, carbon tetrachloride, sulphuric 
acid, boron trifluoride. 

7. Explain variable electrovalency. Give examples. 

8. Explain polarity of bonds with examples. 

9. Discuss hybridisation and shape of the following molecules: 

BF,, CCI, PFs, SP,, IF; 


5. Give an account 0 
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10. Give the geometry of the following compounds 
NH;, CH,, H40, CF, 
11. Explain the following on the valency bond theory and hybridisation 
: (a) BeF, molecule in linear while SF, 1s angular. 
(b) Phosphorus forms two chlorides PCl, and PCl, while nitrogen forms 
; only one NCI;. 
12. Discuss the formation of hydrogen molecule in terms of decrease of 
potential energy. Why does helium not form He, molecule? 
13. Explain the term hybridisation. What is meant by sp, sp*, sp*, sp*d, sp*d* 
and sp*d® hybridisation? 
14, Discuss VSEPR theory to explain the shape of covalent molecules. 
Illustrate your answer with suitable examples. 
15, Explain what is meant of sigma and pi bonds. What are the characteris- 
tics of these bonds? S 
16. Wrire a short note on metallic bonding. What are metals good conductors 
of heat and electricity? 
17. What is meant by hydrogen bonding? Dircuss the nature.and consequences 


of hydrogen bonding. Discuss its importance of nydrogen bonding in substaining 
life. Why do H,O and HF have abnormally high boiling points? 


18. Explain the following on the basis of hydrogen bonding; 
(i) {ce is lighter than water. 
(ii) Water has maximum density at 4°C. 
(iii) O chlorophenol is more volatile than p-chlorophenol. 
(iv) O nitrophenol can be separated from p-nitrophenol by steam 
distillation. 

19. What are the atomic and molecular orbitals? Based on the molecular 
orbital theory predict whether the following can exist (i) He, (ii) Lig, Explain, 
why oxygen is paramagnetic and nitric oxide does not form dimer. 

20. Discuss the bond properties of Ny, P,, As, and Bi, in terms of their 
electronic structures, 

21. (a) Derive by means of Born Haber-Cycle, the expression for the lattice 
energy of ionic crystals such as MX where Mis a divalent metal and X is sulphur 
or oxygen. 


©) For MgO(S) A He=931 and AHy=—145 kcal mole-!, Further for magne- 
sium AH;—34 kcal mole-!, 7,—7.64 eV, and 1,715.03. eV, while for Os(g) 
AHa=118 kcal mole-, Calculate from these data the electron affinity of 


oxygen. 
Ans. A=170 kcal mole=? 
22. Write short notes on the following: + 
(a) Resonance 
(b) Bond energy 
(c) Bond length 
(d) Bond order 
(e) Polarity of bond 
(f) Sigma and Pi bonds 
(g) Hybridisation 
(h) Variable covalency 
(i) Inert pair effect 
(7) Octet rule i 
(k) Coordinate bond. 


Chapter 23 - 


NUCLEAR CHEMISTRY 


23.1. INTRODUCTION 


Nuclear Chemistry is concerned with the structure of the nucleus 
and how this structure influences the nuclear stability. It also deals 
with phenomena by means of which one nucleus is changed into 
another; such as the process of radioactivity and of nuclear transmu- 
tation. In ordinary chemical reactions, there is a rearrangement of 
the atomic electrons but the nuclei remain uneffected. On the other 
hand, in a nuclear reaction, there is.a change in the number of pro- 
br or neutrons (or both) thus resulting in the formation of a new’ 
nuclei, i 


23.2. RADIOACTIVITY 


In 1897, while investigating the phosphorescence produced in various 
materials by light, A.H. Becqueral discovered radioactivity. He had 
a pure sample of potassium uranyl sulphate, a crystal of this salt 
was placed on a photographic plate, wrapped in a black paper. 
Becquerel exposed the whole thing to sunlight. On developing the 
photographic plate, it was found to be darkened indicating that the 
uranium salt emitted radiations which could penetrate paper. He 
again repeated the experiment by keeping the uranium salt and the 
photographic plate wrapped in black paper, in a dark place. He 
found that the photographic plate was again exposed. From these 
observations Becquerel concluded that the radiations were emitted 
from uranium salt which affected the photographic plate and were 
capaple of passing through several layers of materials which. were 
opaque to ordinary light. M. Curie, a student of Becquerel, found 
that the radioactivity of a given uranium. compound was indepen- 
dent of the specific compound and that the quantity of radioactivity 
depended only on the quantity of uranium present. She further con- 
cluded that radioactivity is characteristic of certain elements, rather 
than their compounds. 


The radiations emitted by radioactive elements are heterogenous 
in character, and have been shown to consist of three types of 
radiations, i.e., «, B, and y-rays (see Fig. 23.1). 


/ 
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23.3. PROPERTIES OF «, 8 AND y RAYS - 


Alpha rays. The nature of « rays was established by Rutherford's 
experiment. These consists of 
particles carrying 2 units of 


Fnotographic plate positive charge and a mass of 


4 units. Thus the charge and 
Alpha P mass ofthe alpha particles „are 
Beta identical with that ofthe helium 
K: nucleus. 
When «-rays fall on a zinc 


Eh * 
—| / = sulphide screen, they cause 


phosphorescence — (Fig. 23.2). 
The energies of a-particles 
range from 4 to 10 MeV ‘and 
the velocities from 1.4x 109 to 
2.2109 cm sec", Owing to 
thelarge mass, the «-particles 
\ travel through gases in straight 
Fig. 23.1. Radioactive emissions, line and when ,Pass through a 
gas cause its ionization. The 
actual path of «-particles through gases, has been photographed in 
Wilson’s Cloud Chamber. In general the range of an «-particle 
varies approximately directly as the Squareroot of atomic weight and 
inversely as the density of the medium through which it Passes. 
They can penetrate through thin sheets of aluminium, 


^ Metai roi A 
| ZB - i 
` S 
j E 
Slit pu Fluorescen; 
screen 


Fig. 23.2. Scattering of a-particles. 


have a ccntinuous distribution of energies, called the B-ray spect- 
rum. 8-rays.are more penetrating than a-rays. 


y-rays. The gamma rays are not charged particles and’ hence are 
undeflectea in electric or magnetic field. They. are electromagnetic 
radiations of very short wave length, generally between 10-8 and 
10711 cm, 
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Gamma rays differ from X-rays in one very important aspect that 
y-rays are of nuclear origin, whereas X-rays arise from energy 
changes involving electrons. y-Rays are extremely penetrating, they 
can penetrate several centimetres thick lead sheets. 


23.4. RADIOACTIVE DECAY 


A nuclear species with a specific atomic number and a specific mass 
number is called a nuclide. For example '2C is a nuclide with ato- 


mic number 6 and mass number 12. ‘$C is an isotopic nuclide of 
"C; both having the same atomic number but different mass num- 


bers. The nuclides of ‘Cand N are not isotopic since they 


have same mass numbers but different atomic numbers. Such 
nuclides are known as isobars. On the other hand the nuclides 


14N and '$O contain the same number of neutrons and are called 
isotones of each other. 


The rate at which a sample containing radioactive nuclei emits 
particles does not depend on the chemical or physical state of the 
sample. Since radioactivity is a nuclear phenomenon, a radioactive 
nuclide will emit the same type of radiation at the same rate, 
regardless of the compound it is a part of, its temperature, the 
applied pressure, or the presence of electrostatic and magnetic or 
gravitational fields. The number of nuclei decaying per second is 
proportional to the number of nuclei present. Radioactive decay is 
a first order process and can be expressed by 


dN l E 
— gr N I 


where N is the number of nuclei remaining at any time f. 


À (lambda) is the proportionality constant, called the decay con- 
stant. The decay constant is a characteristic property of the given 
radioactive species. 


Integrating the Equation (23.1), we get, 
N=No e—*t N CIA] 


where No is the initial number of such atoms. Every “radioactive 
species has a definite half-life period. - It is the.time required for the 
amount of a radioactive material to be reduced to half its initial 
value, so that the ratio N/No is numerically equal to one half. The 
half-life period £1/2 is given by . 


2 Pag. 
tja 2 ane? xev vore (28:3) 
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Equation (23.3) shows that the time, needed for one-half of a 
quantity of radioactive substance to be disintegrated, is a constant, 
independent of the initial amount present and is characteristic of the 
given substance. Half-life period is a useful property for the identi- 
fication of various nuclidic species. 


The activity of a radioactive sample is defined as the number of 
disintegrations per unit time. The activity A is merely the rate 
of decay and is proportional to the number of atoms present that is: 

A=AN 


The specific activity is ‘defined as the number of disintegrations per 
unit time per gram of radioactive material. One curie is defined as 
an activity of 3.7 X 101? disintegrations per second. The practical 
units are micro-curie (u-curiz) or milli-curie, 


The half-life tells us how long it takes for half of the nuclei to 
decay while a related quantity, the mean life, ^, is the average time 
elapsed for dacay of an individual nucleus. It turns out the 

1 


= 


A 


The measurement of half-life of an isotope helps in its identificas 
tion. A detector is placed near the source of radiation and the 
number of particles striking the detector in a known short time 
interval are counted. This is shown in Fig. 23.3. The counting rate 
of the detector can thus be calculated which is proportional to the 
activity A of the source, The Process is repeated after an elapsed 
time for decay, The resulting values of activity are plotted on : 
semilog graph paper as shown in Fig. 23.4. A straight line is drawn 


Radiation 


Detector 


Fig. 23.3 
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measure the background counts and subtract them from those obser- 
‘ved in the experiment. i 


1000 


Activity ——> 


(e) 
100 
Oo! 
10 
o 

0 

Time—3» 
Fig. 23.4. 


Problem. 23.1. Radium has atomic weight 226 and a half-life of 1600 years. 
Calculate the number of disintegrations produced from one gram of radium. 


Solution. Half life period 


0.693 
a 


fus 
IP 0.693 
(1600) (365) (24) (60) (60) 
—1.38X 107 sec-* 
NL (:38x 10-)(6.02 10") 
and EI =,N= 226 
—3.7 x10? disintegrations per sec. 
Radioactive dating. Isotopes of certain radioactive substances 
have long half-lives, they may be used in determining the age. 


Radioactive clocks (He from ^3U, 87s from Z/Rb and "5 Pb 


from 22Th ) may be used for the purpose of dating. However the 


oldest terrestrial clocks are found to be 3 x 10? years old, and many 
meteorites are found to be about 4.5x 10? years old. As soon as a 
plant or an animal dies, it ceasesto take in any new carbon, because 
as Cl4 decays, the radioactivity of the carbon diminishes. W.F. 
Libby has shown ‘on the assumption that since the intensity of 
‘cosmic radiation has not changed in the last several thousand years, 
ʻa comparison of the activity of 14C in a carbon derived from an. 
ancient object with the activity of ^C in “modern” carbon can be 
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used to measure the age of that object. The method is known as 
“carbon dating." It is a most valuable tool in archaeology, permit- 
ting determination of the age (since its death). 

Problem 23,2. A sample of carbon from a wooden artifact is found to give 
7.00 14C counts per minute per gram of carbon. What is the approximate age 


of ‘the artifact? The "C from recently cut down wood decays at the rate of 
15.3 disintegrations per minute per gram of carbon and the half-life of 4C is 
5770 years. 
Solution. Since the half-life of *iC is 5770 years. 
0.693 


. eo 


" m 


(030,603 - ip 
= S770 years 7 120 X 107* year 
log (Ne). At 

PUN )= 2.30 
1 15.3 disintegrations/min ...1-20X10-* year- Xr 
95 (77.00 disintegrations /min ^ 2.30 


2.30 log 2.19 
or t= "p20X10-4 years-t — 6520 years. Ans. 


23.5. GROUP DISPLACEMENT LAW 


When a radioactive substance emits an alpha particle, it results in 
the production of an atom of a new element with an atomic number 
2 units less and mass number less by 4 units than the parent atom. 
For example when a radium isotope of mass number 224 emits an 
alpha particle we have, 


224: 220; à 
WRa ——> "Rn + He. 


Onthe other hand, the emission of a negative &-particle from a 
nucleus causes an increase in atomic number by 1 unit, but no 
change in the mass of the nucleus. We can consider the following 
- example: 


"CN 4:38: 


This information isembodied in the. group displacement law, pro- 
posed independently by K. Fajan, A.S. Russel and F. Soddy. This 
Law may be stated as: 


When an a-particle is. emitted in a radioactive change, the pro- 
duct is displaced two. places. (or groups). to. the. left in the periodic 
table and the emission of a negative B particle results in a displace- 
ment of one place (or group) to the right. The law may be. extended 
to include positive particle emitters and nuclei Which exhibit 
orbital electron capture. This process is called K capture because 
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an electron in the Js orbital (K shell) of an atom is most likely to be 
captured. K capture results in a decrease in atomic number but 
no change in mass number. We can consider the following 
example: - : 


22 22 9 
11Na ——> joNe + +1 


23.6. RADIOACTIVE SERIES 


Three series of radioactive elements are found in nature. These 
are known as uranium, thorium and actinium series. These are 
shown in Figs. 23.5, 23.6, and 23.7. In each of these series, the 
elements decay successively to another radioactive nuclide until after 
a number of steps, a stable nuclide is formed. 
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Fig. 23.6. Thorium series. 
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: The first series is uranium series. It begins with LU and decays 
to "Pb. This series is also known as 4n--2 series. The second 
series is ^XTh nuclide and its radioactive descendants. This is 
known as thorium series. The mass number of each member of the 
series is exactly divisible by four and the series is also sometimes 
referred to as 4n series. The third series, known as the actinium 
series, actually has 733U as the parent nuclide and the’ last member 


of the series is ??Pb. This is also known as 4n+3 series. The mem- 
bers of each of the respective radioactive series are all in secular 
equilibrium with the very long-lived parent nuclide. 


23.7. NUCLEAR STRUCTURE 


The liquid drop model. This was first proposed by Niels Bohr 
in 1936. In this case the nucleus in thought of as an aggregate of 
particles held together by mutual attraction just as a drop of water 
consists of an aggregate of water molecules held together by surface 
tension that is also caused by mutual attraction. The nuclear 
‘fission’ takes. place when the drop gets larger and the surface 
tension decreases resulting in the fission. This model fails to 
account for the origin of force that holds the particle in this “drop”? 
form. 


The shell model, The ''shell model" picture of the nucleus is. 
based on the concept of a potential well, According to quantum 
mechanics, it is not possible for the nucleons in a potential well to 


settle down in a motionless. 
state at the bottom. How- 
ever, the nucleons are per- 
mitted to adopt certain 
types of motion at different 
energy levels. From theore- 
tical and experimental 
studies of nuclei, the order 
of the different states of 
motion of nucleons in a 
nuclear well can be deter- 
mined. Figure 23.8 gives a 
pictorial representation of 
nucleons in a potential well. 
Fig. 23.8. Nucleons in a potential well. Theshell model may ap- 

3 pear to be rather complica- 

ted, it can be used to explain fruitfully the behaviour of nuclei toa 
very great extent. Still a third model, the collective model combines. 


Distance from 
center of nucleus 
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the more successful features of the shell model with those of the 
liquid drop model. f 


23.8. STABILITY OF THE NUCLEI 


Rutherford’s experiments in which the metal foils were bombarded 
with alpha particles demonstrated that the radius of an atomic 
nucleus is about 10-13 cm. When several protons are brought 
togetherto within a distance 
corresponding to the nuclear 
radius, very strong binding 
forces are required to overcome 
the repulsive forces between 
thepositively charged particles. 
An answer to the nature of 
these binding forces is found 
in the néutron-to-protonr atios 
ofthe stable nuclides. Figure 
23.9 gives a graph showing i if HT 
the number of neutrons versus € 710 20 30 40 50 60 7C 80 80 
the number of protons for all Number of protons 


the naturally occurring stable $ 
nuclides. Fig. 23.9. Plot of the number neutrons 


For all but the lightest e number of protons in stable nu- 


elements, the number of neu- 

trons, exceed the number of protons The stable nuclides lie within 
a “belt of stability” which rises above the line drawn to represent 
cqual numbers of neutrons and protons. If the neutron-to-proton 
ratio of a nucleus lies below the stability belt for the given number 
of protons, there are three ways in which the radioactive species 
can approach stability, (a) by emitting a-particle, (b). by emitting a 
&-particle, and (c) by position decay or by electron capture. 


Number of neutrons 


23.9. NUCLEAR BINDING ENERGY 


Suppose we are interested in calculating the mass of the helium 
atom from its constituents. One atom of helium contains 2 protons, 
2 neutrons and 2 electrons. In other words, one helium atom is 
equivalent to 2 hydrogen atoms and 2 neutrons, so that, 


1 He atom=2 (H+1 neutron) 
—2x(Mn--Mx) 
where, 

Mg Atomic mass of hydrogen= 1.007825 
My-Mass of neutron— 1.008665 

Mz. —2 x (1.007825 + 1.008665) 

—4.03298. 
Thus the mass of one atom of helium from its constituents is 
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4.03298. Form the table, the measured mass of helium atom ‘He 


is 4.002603. This is 0.03 less than the estimated valve. It would 
appear that the actual mass of a nuclide is never equal to the 
sum of the masses of its constituents. This is known as mass defect 
and the energy equivalent to this missing mass is known as the 
binding energy of the nucleous. Binding'energies of nuclei may be 
calculated using Einstein's equation, E=mc?, where E is the energy 


in ergs, m is the mass lost during the fusion of particles to form 
nucleus and c is the speed of light. This equation can be used to 
calculate the energy evolved during any radioactive process in 
which matter has been converted to energy. Nuclear forces are very 
nearly the same if the neutrons are replaced by protons and vice 
versa which means that protons and neutrons contribute equally to 
the binding energy of the nucleus. The most stable nuclides are 
those having the greatest binding energy per nucleon. Figure 23.10 
shows the plot of binding energies per nucleon vs mass number. 


2 ee ee eee 
40 80 120 160 200 240 
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Fig. 23.10. Plot of binding energy vs mass number. 


Problem 23.3. Calculate the ‘binding eni d inding ^ 
nucleon in an atom of fluorine-19, mass 18.99840 maT ee eee 


Solution. A fluorine-19 nucleus will have 9 
mass of 9 protons and 10 neutrons is s ecce sb ra 


9x 1.0072764-105€1.008665— 19.152134 amu. 
‘One mole of fluorine atoms weighs 18.99840 g. 
Weight Jost/mole=19.152134 g/mole —18.99840 g/mole 
= 0.153734 g/mole. 


~. Weight lost/atom =0.153734 ac mole ee 
/ g/molex 6.02X10** atoms 
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23.10. NUCLEAR FISSION 


The absorption of a neutron by most isotopes involves radiative 
capture, with excitation energy appearing as a gamma ray. In certain 
heavy elements, notably uranium and plutonium an alternate 
consequence is observed— ihe splitting of nucleus into two massive 
fragments. The process is called nuclear fission, and was observed 


235 
by O. Hahn and F. Strássman. They observed that oe can be in- 


duced to fission by low energy neutrons. The fission process 
sequence of events are shown in Fig. 23.11. 


o [os U-235 (A) 
6) U-236 (B) 
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Fig. 23.11 


In stage A, the neutron approaches the U—235 nucleus and it is 
absorbed. The product U-236 formed in stage B is in the excited 
state. The excess energy in some interactions may be released as a 
gamma ray, but more frequently, the energy causes distortions of 
the nuclens into a dumbbell shape as shown in stage C. The parts 
of the nucleus oscillate in a manner analogous to the motion of a 
drop of liquid. Due to the high electrostatic repulsion over nuclear 
attraction, the two parts may get separated as shown in stage D. 
"These are called fission fragments. 

The initial nucleus is nearly spherical but in order to form 
iwo fragments of comparable size it must become deformed, 
in elongated form, the nucleus has increased potential energy, but 
asthe deformation continues, the repulsion between the electric 
chargesin the fragment decreases. The potential energy of the 
system again drops and finally results in fission. In this process 
energy of the order of 200 MeV is released. The substances that 
give rise to fission with slow neutrons are called fissile. 1 
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Tn the fission process large number of neutrons are released which 
are all important for practical application to a self-sustaining chain 
reaction, The number that appears depends on the isotope and 

' the bombarding neutron energy. For example, in U-235 with slow 
neutrons the average number is 2.43. The nuclear reaction equation 
for fission resulting from neutron absorption in U-235 may be 
symbolised as. under 


235, 1 A; As 1 
HIE aes zB getty ont emery 
where F; and Fz are chemical symbols for the two fragments ob- 
tained in splitting. 


Generally the mass numbers ranging from 75 to 160 are observed 
with most probable at around 92 and 144 as shown in Fig. 23.12. 


Fission yield % ———» 


=-= =... ee 
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Fig. 23.12. Yield of fission products by mass number. 

The speed of neutrons is reduced with the help of suitable mode- 
tors. The moderators which are commonly used are graphite, 
paraffin and heavy water (D20). For any given fissionable system, 
there is thus a minimum critical size below which the maintenance 
of a fission chain is impossible. 


23.11. NUCLEAR REACTOR 
In atomic bomb two Pieces of pure U-235 or Pu-239 each below 
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the critical size are brought together to form one piece larger than 
^ the critical size. Fission of U-235 or Pu-239 proceeds in an in con- 
trolled manner as an exploding chain reaction. Fig. 23.13 shows the 
diagram of the commonest type of nuclear reactor. 


Neutron absorbing rods 
(boron or cadmium) 


Cold gas \ 


shield 


Fig. 23.13. A simplified diagram of a nuclear reactor. 


The atomic pile consists of rods of natural uranium inserted in 
channels surrounded by blocks of graphite. The neutrons resulting 
from fission of 235Us2 are slowed down but not absorbed by collision 
with carbon atoms in the graphite. This ensures that as many 
secondary neutrons as possible cause further fission of U-235 before 
escaping from the pile or before capture by the more plentiful 
U-238 atoms. The temperature of the pile can be controlled by 
movable rods of boron or cadmium which absorb neutrons. The 
deeper these rods are inserted, the more neutrons are absorbed and 
the fewer fissions take place. By carefully adjusting the positions of 
these rods a controlled chain reaction can be obtained with a steady 
and continuous production of energy. The heat produced during 

“the fission process is removed by a stream of circulating carbon 
dioxide. The hot gas can be used to make steam and then drive a 


turbine. 


Thick concrete - 
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Besides liberating energy, the atomic reactor also produces pluto- 
nium as a result of the neutron bombardment of U-238, according 
to the following reactions. 


U 

ae gt” dps 

239 239 0 
U N 

92 s PT. a 

239 239 0 
N Pu e 
93 E a 


The plutonium can thus be separated and used as fuel. Fig. 23.14 
shows the different stages in a nuclear reactor using natural 
uranium as fuel. 
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Fig. 23.14. Stages in a nuclear reactor using natural uranium as fuel. 


23.12. NUCLEAR FUSION r 
When two light nuclear particles combine or fuse together, energy 
is released because the product nuclei have less mass than the 
original particles. Such fusion reactions can be caused by bombard- 
ing targets with charged particles, using an accelerator, or by raising 
the temperature of a gas to high enough level, that nuclear reactions 
take place. 

Let us consider the reaction involving the combination of two 
hydrogen nuclei and two neutrons to form the helium nucleus, 


1 1 4 
2 jH+2 od > He 
: The mass difference using atomic masses is 
2 (1.007825) +2 (1.008665)—4.002603—0.030377 amu, 
=28.2 MeV 


-A comparable amount of energy would be obtained by combining 
four hydrogen nuclei to form helinm ‘plus two positrons. 


1 4 0 
4 H > Her2e 
1 2 1 
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This reaction takes place in the sun and other stars through the 
so called carbon cycle in a complicated chain of events involving 
hydrogen and isotopes of the elements carbon, oxygen and nitrogen. 
The sun’s large yield of energy is due to its tremendous mass of 
materials. 


In the “hydrogen bomb”, on the other hand, the high temperatures 
created by a fission reaction cause the fusionto proceed ina rapid 
and uncontrolled manner. The most promising-fusion reactions 
make use of isotope deuterium. Four reactions are important! in 
the process of fusion. " 


2 2 3 1 

ELE yu > et H+4.03 MeV 

^g4- s H : 3.27 MeV 
I à 

1 1 2 e ott x 

H H ^u + ‘43 27 MeV ` 

1 + 1 > 3 e 0 . e 

2 3 4 m 

(H+ Hoc Heb QH4183 MeV 


The fusion of two deuterons-deuterium nuclei is known as D-D' 
reaction. This results in two processes of equal likelihood. The 
other reactions yield more energy but involve the use of artificial - 


: 3 
isotopes tritium 1H, and helium-3. We also find that the products. 


of first and second equations appear as reactants in third and fourth 
equations. .This suggests that a composite process might -be feasible. 
Assuming that each of the above reactions can be made to proceed 
at the same rate, along with twice the reaction of neutron capture 
in hydrogen. 


WE : ?8—2.2 MeV 
à Quo Mey e 


On adding all these equations, we get the reaction involving the 
conversion of deuterium into helium according to 


4 
4 HH >2 Her MeV 


The energy yield per atomic mass unit of deuterium fuel would} 
thus be about 6 MeV, which is much more favourable than the yield ; 
per atomic mass unit of U-235 burned which is only 
190 
235 FRR MeV. 
A fusion reactor. provides power from a controlled fusion 
reaction. 
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23.13. NUCLEAR REACTIONS 


Nuclear reactions are processes in which some change in the 
character of the nucleus takes place, either spontaneously or as the 
result of bombardment by a particle or ray. 


The conservation of mass-energy is a firm requirement for any 
valid nuclear reaction. A systematic description of nuclear reactions 
has been developed to account for experimental observations. 
Suppose that a particle labled a striks a nucleus X to produce 
a compound nucleus C, where the asterisk implies that the nucleus 
contains extra internal energy of motion of the nucleons, called 
excitation energy. 


The compound nucleus then disintegrates to release the particle 
b and a residual nucleus Y. These reactions may be symbolised as 
under 
a+X => C 
C => Y+b 
The net effect being 
a+X > Y+b 


This reaction can be abbreviated as X (a, b) Y, which implies 
that particle a comes in and particle b goes out. The symbols a 
and b may stand for the neutron (n), alpha particle (x), deutron (d), 
gamma ray (y) proton (p), triton (t), the nucleus or tritium and 
so on. 


There are many similarities between the two types of reactions, 
even: though they occur in quite different energy regions and with 
different mechanisms. 


Individual particles are involved in each case, nucleons in nuclei 
and atoms in molecules respectively. Laws of conservation of 
` energy apply to each—that of charge, number of particles involved 


and mass-energy. Let us write down a chemical reaction describ- 
ing the formation of water * 


_ 2H+0=H20 
The number of atoms of hydrogen and oxygen are the same on 
both sides, there is a valence balance, with +1 for hydrogen and 
—2 for oxygen; 2.4 eV energy is released in the process. Let us now 
compare this with the reaction of a neutron with a proton as the 


nucleus of hydrogen, to formr a deuteron, as the nucleus of deu- 
terium. 


int IH > ?H+y 


The total number of nucleons is the same on both sides; the total 
nuclear charge is balanced; energy is released here in the form of 
gamma ray, of about 2.2 MeV. Thus we see that the energy release 


in this nuclear reaction is about a million ti 
[s 3 4 mes as great as for 
chemical reaction, sd ye 
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TABLE 23.1 
Examples of Nuclear Reactions 
Type Reaction Radioactivity of 
Product-Nuclide 

(a, 9) BAs+ {He > 3Br+on B+ 
sp) "Pip iHe + Ag+ IH stable 

(p, 1) iLi iH > {Bet $5 ec 

(P: y) “N+ dH > OTT ; po 

(p, «) iBe+ iH > sLi+#He stable ` 

(d, p) HP+ iH > HP iH $7. 

(d, n) "HBIHH > "MPoron a 

(n, y) §8Co+ jn > Coty g= 

(n, p) asSc+ in. “Cat 1H p7 

21 20 X 
(n, «) HALrjn > iNa+iHe B- 


The elements following uranium in the periodic table are called 
the transuranium elements. These elements do not occur in nature 
but many have been produced by nuclear reactions. Some of fhese 
reactions use targets of artificial nuclides, and in these cases the 
final products are therefore the result of synthesis consisting of 
several steps. Some of the common examples are: 


=U in» Uy 
DU c» Np + -je 

NP — XePu + fe 

pu + 1H > Amt in 
Pu ‘He E Cm in 
238 12, 244, 1 
BU UC > ACi on 
238; 14 246; 1 
uU T N > gest 8 on 
saat KO > foofm+4on 


CEB => BiLw+5 én | 


62 a A TEXTBOOK OF PHYSICAL CHEMISIRY 


Nuclear reactions differ from ordinary chemical reactions in the 
` following respects: 


(a) Nuclear reactions involve change in atomic numbers. 


(6) The sum of the mass numbers is unchanged, the total quantity 
of matter is changed appreciably. 


(c) The quantities are defined per particle rather than per mole.. 


(d) Nuclear reactions are those of the specific nuclides rather 
than of the mixture of isotopes comprising the element. 


23.14. MASS SPECTROMETRY 


The atomic weights of. elements, detection of the elements and their 
molecular mass can be determined using mass spectrometry. 


There are various types of mass spectrometers, The first mass 
spectrometer dates back to the work of J.J. Thomson and F.W. 
Aston. The mass spectrometer produces charged ions consisting of 
the parent ion and the ionic fragments of the original molecule and 
Sorts these ions according to their mass/charge ratio. The mass. 
Spectrum is a record of the number of different kinds of ions—the 
relative numbers of each are characteristic for every compound, 
including isomers. The substance to be studied in a mass spectro- 
meter should be able to exist in the Baseous state at the temperature 
and pressure existing in the ion Source. The essential components. 
of a mass spectrometer are shown in Fig. 23.15. 


Inlet system 


A brief discussion of these components are as follows: (a) Inlet 


systems; (b) Ton sources; (c) Separation of Tons; (d) Recording of 
spectra. 


lon lon Recording 


separation Ba collection i€ of ion 
arrivals 


| | ton source |* | 


Fig. 23,15. Block diagram of a Mass spectrometer. 


Inlet Systems 


There are several means of introducing the Sample into mass 
spectrometer and the inlet system used will normally depend on the 
volatility of the sample. 

(i) Cold inlet. Gases or compounds which are very volatile at 
room temperature and a pressure of 10-2 torr ate allowed to ‘leak’ 
into the mass spectrometers through a glass sinter and led along a 
glass tube into the ion source. The pressure inside the mass spectro- 
meter is about 1076 torr. 

(ii) Hot inlet. This is similar to the cold inlet except that it ma 
be heated to about 300°C to volatilise organic us Bh 
are then led along a heated line to the ion Source. 
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(iii) Direct inlet. The compounds which are not sufficiently 
volatile to be introduced through the hot or cold inlets may be 
inserted directly into the ion source by means of a probe passing 
through a vacuum lock. At low pressure of the order of 10-5 torr 
and increasing the temperature most of the compounds are suffi- 
ciently volatile to yield a mass spectra. 


Ion Source 


An ion source may be defined as the region in which’ ionisatiom 
Occurs. This is enclosed in a chamber in which the sample is ionis- 
ed. The ions produced are pushed out towards the exit slit by a 
low positive potential inside the chamber and then accelerated 
through a high potential of 2-8 kV and passed away into the mass 
spectrometer for separation according to mass/charge ratio. The com- 
mon means of ionising organic compounds are photons. The ioniza- 
tion potentials cf mo:t organic compounds lie below 13 electronvolts 
so that high intensity short wavelength radiation can be used for 
ionization. The helium discharge at 21.21 eV providesa convenient 
source of photons able to ionise all organic compcunds. 


Electrons. Electrons, obtained from a heated filament in vacuum 
are accelerated through some voltage and directed across the iom 
chamber. The voltage is continuously variable between 5-100 volts: 
and by convention standard mass spectra are cbtained at 70 volts 
because maximum ion yield is obtained at this value. s 


Electric fields. By applying a high positive electric potential 
on an clectrode in the shape of a point, sharp edge or fine wire, 
a very high potential gradient is produced in ihe regions cf high 
curvature. The positive ion so formed is immediately repelled by 
the positive electrode into the mass spectrometer. This method 
poses some difficulties in focussing the ions into a beam, because 
the initially produeed ions are repelled by the high positive poten- 
tial on the electrode immediately after formation. 


Chemical ionisation. The collision of an ion and a molecule 
can lead to reaction giving a new charged species. Thus the ion- . 
molecule reaction between methane ion and a methane molecule 
gives rise to the unusual and fairly stable CH*s species according to 
the reaction, 


CH47 +CH, > CH*5-4-CH;. 


For effective ion-molecule reaction it is necessary to operate at 
source pressures of about 107^ torr, : e 


Combined sources. It is often an advantage to be able to 
generate mass spectra of organic materials by two différent ioniza- 
tion methods. It is for this reason that combined electron-impact! 
field ionisation and electron-impact/chemical-ionization sources have. 
been constructed in either of the two possible modes. — 
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Separation of Ions ` 


The separation of ‘ions to their mass to charge ratio can be 
achieved with magnetic and electric fields alone or combined. The 
basic differences between the various types of mass spectrometers 
lie in the manner in which such fields are used to effect separation. 


Analyser 


Cathode lon beam 
Fig. 23.16, 


chamber 


lonisation 


Recorder —>} Tes 


Reservoir 


ET 
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After the beam of ions has been accelerated through a potential. 
of 6000-8000 volts away from the ion source, it is divergent and 
slits are used to reduce the spread. The ion beam then passes bet- 
ween a pair of smoothed curved metal plates called an, electro-static 
analyser because the electric potential maintained across the plates 
focusses the ion beam at a second slit. The electrostatic analyser 
is an energy focussing device. The equations of motion governing 
the motion of the ions through an analyser are the following: 


Kinetic energy of the ions, 4my?—eV ois & (2355) 


where e is charge on the ion that are accelerated initially by 
applying a potential V, m is the mass of the ion and v is the velocity. 
Since the ions are deflected in a curvature of radius rin a field in 
electric sector, B. At equilibrium, 


2 
a =eBy «2. (23.6) 
On combining the two equations (23.5) and (23.6) we get, 
2eV _ eBr? 
m m 
m | Br? 
I2 7h a 0 (23,7) 


Thus ions accelerated through a potential (V) and passing through 
a-uniform field (8) have the same radius of curvature (r). Thus, if 
the field B is kept constant, the electric sector focusses the ions 
according to their translational energies. 


The energy-focussed ion beam is then passed through a’ magnetic 
field where the mass separation is effected. After acceleration from 
the ion source, the ions possess a translational energy à mv? On 
passing through the magnetic field, the ions experience on centri- 
fugal force due to the constraint (HeV) imparted by the magnetic 
field (H). We can write the following relationship, 


eV fmt 2-9 (23:8) 
2 
Hey T : «+ (23.9) 
m Hr 
ESSET. -.. (23.10) 


At constant values of the magnetic field (H) and the accelerating 
potential (V), each values of m/e will correspond to a radius of 
curvature r. Thus after separation in the magnetic field singly 
charged ions of mass mi, m,, m3 will be brought to foci SENSORS 
corresponding to radii of curvature ri, r2, r3. If an electric detector is 
placed at fı then arrival of ions (mi/e) will be recorded and if other 
detectors were placed at f2, f; the ions (moe), (m/e). (msle), would 
also be recorded. Instead of having detectors at fj, f; and fs, it is 
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convenient to vary the magnetic field (H) continuously so that each 
mje species is brought to focus at fi i.e. the radius of curvature (r) 
is kept constant. This is called the magnetic scanning of the spect- 
rum. It is also possible to vary the electrical accelerating voltage 
(V), with H constant to bring each m/e species. to the same focus. 
This method is called electrical scanning and is less frequently 
applied because the sensibility of the instrument decreases on increas- 
ing the voltage. The combined use of electric and magnetic analyser 
gives double focussing mass spectrometer because the ion beam is 
focussed first for translational energy and then for mass to charge 
ratio. This is shown in the Fig, 23.16. 


Recording of Spectra 

The electrical signals from the -detector are amplified and passed 
to a recording device. A pen recorder may be used but this means. 
the spectrum must be scanned rather slowly because of the relatively 
slow response time of the pen mechanism. Alternatively the ampli- 
fied signals are used to deflect mirror galvanometers and ultraviolet 
light reflected from them is focussed into sensitized paper to give a 
permanent record. The photographic plate method of detection of 
ions provides its own record of the spectrum and the electrical 
signals from the microdensitometers can of the plate is fed to the 
computer to generate the mass spectrum. 7 


The.choice of design for the mass spectrometer depends on the 
requirement of (i) the range of masses which must be covered (ii) the 
resolution and (iii) the sensitivity. The term resolution is defined as 
the ratio M/AM, where AM is the difference in mass numbers 
which will give a valley of 10 per cent between peaks of mass. 
numbers M and M+/\M where the two. peaks are of equal heights 
Resolution is considered satisfactory if AM —1. The resolution is: 
generally not uniform over the whole range of makes?’can’ be 


: Fiz..23.17. Resolution of a Mass spectra, 
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detected, it becomes. proper at higher mass numbers. This is shown 
im the mass spectrum of different isotopes of lead is shown i in 
1g 


208, 
- F] 
E gore 206, 
u 82 
5 207 
2 goPb b 
208, 206 o | 
82» g2Pb ES 
& 
H 
207p, 204 5 
82^ g^" E 
I ONERA id 
(9) 
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Fig. 23.18. A mass spectrum of lead (a) on a film; (b) detected electrically. 
The intensities of the lines are proportional to the number of ions of the 
particular isotope of lead. 


23.15. THE SEPARATION OF ISOTOPES 


The separation of isotopes is a very tedious process, and there are 
numerous methods employed for their separation. Some of the 
important methods are the following: 


(a) Gaseous diffusion method" 

(b) Thermal diffusion method 

(c) Electromagnetic separation method 

(d) Chemical exchange method. 

(a) Gaseous diffusion method. The method makes use of the 
different rates of diffusion of gaseous isotopic nuclides. Since the 
rate of diffusion of a gas is inversely proportional to the square 
root of its density, a separation can be carried out by .using.a num- 
ber of diffusion units in series; The method has been used to separate 
235UF from 28UFs. However, by the use of several thousand 
diffusion stages, which operates like . p fractionating column in 


distillation the 90 atomic per cent of "U has been ees 

92 
$ (8) Thermal diffusion. method, This method has been success- 
fully employed by Clausius in 1938. It involves a combination of 
diffusion and convection. The experimental arrangement ‘consists of 
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along vertical cylindrical pipe and is heated electrically to a tem- 
perature of 500°C. A temperature gradient is maintained between 
the hot wire and the cold outer walls, with the result that the lighter 
isotope molecules tend to collect near the hot wire, whereas the 
heavier ones move preferentially near the cold wall. The rate of 
separation can be increased by the convection currents in the tube 
which carry the molecules near the warm wire. The method has 
been used to effect a virtually complete separation of isotopes of 


35 37 
chlorine CI and Cl, 
17 17 


(c) Electromagnetic separation method. A strong beam of 
positive ions from a suitable ion source is first accelerated by pas- 
sage through an electric field and then deflected in a magnetic field, 
By placing slit collectors at suitable places, the separated ions can be 
collected separately. This method has been used for the separation 
of isotopes of many elements particularly those of lithium, potas- 
sium and rubidium. 


(4) Chemical exchange method. This method is based on the 
principle that the different isotopic species of the same element 
differ significantly in chemical rectivity. These differences in 
affinity are most marked for light elements, for which the relative 
differences in isotopic masses are greater. Let us consider the ex- 
change of isotopes of nitrogen of mass numbers 4N and !5N res- 
pectively, between ammonia gas and ammonium ion present as an 


aa Salt in solution. The reaction can be Tepresented as 
ollows: 


N'5Hs(gas) - NAH*4(aq) — N!* Hs(gas)-- NI5 H-4(soln) 


After the equilibrium was attained in the exchange columns, 15N 
could be removed as nitrate. Urey has applied the chemical ex- 
change method for the determination of the temperature of seas in 
remote geologic within 1°C from the !5O : 160 ratio in deposists of 
the shells of prehistoric molluses. 


TABLE 23.3 
Physical properties of H,O and DO 
Property Ordinary water Heavy water 
H0 n 
Density at 25°C 1.0000 gm/c.c. 1.1079 gm./c.c. 
Maximum density at 4° 11.6° 
Freezing point 0.00°C 3.82° 
Boiling point 100.00° 101 42° 
Surface tension (20°C) 72.75 dynes cm~ 67.8 dynes cm~? 
Viscosity (10°C) 13.10 millipoise 16.85 millipoise 


Heavy hydrogen, On careful examination of the 
} spect: f 
hydrogen, H.C, Urey in 1931 established the pesca of the 
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hydrogen isotope with mass 2. This was called heavy hydrogen or 
deuterium. The waterin which heavy hydrogen is present is called 
heavy water (D20). Some of the properties of. hevy water and 
ordinary water are listed in Table 23.3. 


23.16. Uses of Radio Isotopes 


Since radioactive isotopes are easily detected, it is relatively easy 
totrace their movement even through a complicated system. Let 
us consider the low of aliquid through a pipe. Suppose there isa 
leak in a pipe buried beneath a concrete floor. One could locate the 
leak by digging up extensive areas ofthe floor. One could add a 
small amount of radioactive material, and trace the flow of liquid 
with a Geiger counter. Once the leak has becn located, only a small 
area of the floor be dug up to repair the leak. 


Similarly one could trace the uptake of phosphorus by a plant. 
The plant is fed some fertiliser containing radioactive phosphorus, 
A simple method of detection involves placing the plant on a photo- 
graphic film. Radiation from the phosphorus isotopes exposes the 
film, much as light does. This type of exposure called an autoradio- 
graph, shows the districution of phosphorus in plant. 


Radiostopes are widely used in medicine. For example "5I is used 


to determine the size, shape and activity of the thyroid gland. The 
body concentrates iodine in this gland. Radioactive iodine behaves 
exactly in the same manner in the body, but it can be detected from 
outside the body. In order to know the size and location of thyroid 
tumor, diagonistician will prescribe iodine, cocktail. Table 23.4 gives 
briefly the use of radio isotopes in medincine. 

Radioisotopes have also been used extensively 


TABLE 23.4 
Some radioisotopes and their application in medicine 


Isotope Name Use (s) 

"Ag Arsenic—74 Locate brain tumors 

"TOt Chromium —51 Determine the volume of red blood 
cells, Determine the total blood 
volume, 

5Co Cobalt —58 Determine uptake of vitamin B;, 

%Co Cobalt—60 Radiation treatment of cancer 

x "Be Iron—59 Measure rate of formation and life 

time of red blood cells. 

anp Todine—131 Detection of thyroid malfunction and 
measure liver activity. : 

Ap Phosphorus—32 Detected skin cancer or cancer expos- 
ed by surgery. 

Ra Radium—226 Radiation therapy for cancer 

"Na Sodium—24 Detect constrictions and obstructions 


in the circulatory system. 
3H Trititum Determine total body water. 
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Thestructure of DNA within the genes of animals and plants 
can be changed by radiation. For reasons not yet clear, cancer cells 
are more susceptible than normal cells to destruction by radiation. 
Thus y-rays can be used for the treatment of cancer. Penetrating 
y-rays from cobalt-60 is used in treating inaccessible growths. where 
as superficial cancers such as skin cancer can be treated by less 


penetrating radiation from 72P or 74Sr in plastic sheets strapped 
an the affected area. 


The radiation passing through a material decreases a$ the mate- 
rial gets thicker. Thus the amount of penetrating beta or gamma 
radiation can be used to estimate the thickness of various materials 
such as paper or plastic. The advantage using radiation for measur- 
ingthe thickness is that there need be no touching, marking or 
tearing of the article concerned. The radiation thickness gauges can 
be used to control thickness up to 0.2 cm steel. 


A similar use of radioactive isotopes is made in level gauges and 
empty packet detectors. The level of liquid in a closed vessel can be 
found by placing a source on one side of the container and detector 
on the other. These are then moved down, a sudden decrease in the 
detected radiation shows the level of the liquid. Level gauges of this 
type are used to measure the level of liquids in fire extinguishers and 
gas cylinders. Similarly empty-packet detectors can be used to reject 
empty or insufficiently filled packets of biscuits or cigarettes. 


23.17. HAZARDS OF NUCLEAR RADIATIONS 


We have seen radioisotopes are used in beneficial ways. But radia- 
tions also present a hazard to living things. High energy particles 
and rays knock electrons from atoms, forming ions. Such chemical 
changes when they occur inliving cells, can be highly disruptive. 
This can decrease the white blood cells in the body. Radiation also 
effects bone narrow, causing a drop in the production of real blood 
cells and resulting in anemia. Radiation also has been shown to 
induce leukemia, a cancer like disease of blood forming organs. 
Radiation also causes changes in the molecules of heredity, in repro- 
ductive cells. Such changes. show up as mutations in the offsprings 
of exposed parents. However, most of the mutations during the 
evolution of present species may have been caused. by radiation from 


ever present cosmic rays and from natural radio activity in air, 
water, soil and rocks. 


Animals and plants tend to concentrate some radioactive isotopes. 
For example, !T is a product of nuclear fission. It is readily taken 
up by plants. Cows eatthe plants and further concentrate in their 
milk. Humans drink the milk and further concentrate the BIJ 
particularly in thyroid glands which can cause radiation damage. 
Concern over radiation damage from nuclear fallout led to a move- 
ment to ban the atmospheric testing of nuclear weapons. 
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PROBLEMS 


1. How many types of radioactive radiations are known and how are they 
distinguished? 7 

2. (a) Define half-life period of a radioactive substance. 

(b) A sample of uranite, a uranium containing mineral, was found on analysis 
to contain 0.214g of lead for every gram of uranium. Assuming that all the lead 
resulted from the radioactive disintegration of the uranium since the geological 


formation of the uranite, and that al! isotopes of uranium other than U*** can 
be neglected; estimate using the dalta, when the mineral was formed in the earth’s 


crust. The half life of 2**U:is 4.5 x 10? years. 
Ans. 1.4 10? years. 


3. Explain the term ‘radioactive decay constant.’ How isit related to the 
half-life-period of a radioactive substance. The half-life of ??*Ra is 1620 years. 
(a) Calculate its decay constant in units ofsec-!. (^) Calculate the number of 


disinte rations of 1 gm of Ra*?*, 
Ans. 1.36x 10! sec; 3.6x 101? dis/sec. 


4. Determine the number of: 

(a) Nuclear protons, (5) nuclear nutrons; (c) electrons, in ‘each of the 

following atoms: 
(i) Ge®, (ii) Ge, (ii) Be’, (iv) U, 
Ans. (i) (a) 32 ; (b) 385 (c) 32, 
(i) (a) 32 ; (b) 40 ; (c) 32, 
, Qi) @ 4:05 5;() 4 
E (iv) (a) 92 ; (b) 143; (c) 92. 


5. State and explain the group displacement law in radioactivity. How does 
it lead to the idea of radioactive isotopes? 
6. (a) Give a brief account of artificial radioactivity. 
(b) Complete the following equations: 
(i) Na™+ Het - > 12Mg"* +? 
(il) socu — 18°+? 
(ii) Ag!" —> Cd? 
(iy) BY -,He* —> Nt? 
Ans. (i) H?, (ji) asNi** (tii) B= (iv) on*. 
7. (a) Explain the difference between nuclear fission and nuclear fusion. 
(b) It is proposed to use the nuclear fusion reaction 
; 2,H? ——> ,He*-r- energy 
to produce industrial electric power. If the product is to be 50,000 kilowatts and 
the energy of the above reaction is used with 30 per cent efficiency, how many 
grams of deuterium fuel will be needed per day? 
Ans. 25 gms. 


8. By natural radioactivity, U** emits an «-particle. The heavy residual 
nucleus is call y- UX, in turn emits a 8-particle. The heavy residual nucleus 
from this radioactive process is called. UX,. Determine the atomic numbers and 


mass numbers of (a) UX, and (b) UX;. : : 
Ans. (a) 90, 234 ; (b) 91, 234. 


9. Explain ‘the principle of Aston’s mass-spectrograph, Discuss its use 


(a) in determining the molecule weights of the isotopes, (b) in determining the 


relative abundance of the isotopes. 
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10. Magnesium has three naturally occurring isotopes with isotopic mass 
and relative abundance of 23.98 (78.60 per cent), 24.98 (10.11 per cent), and 
25.98 (11.29 per cent). Find the true mass of the isotopic mixture. 


~ Ans. 24.31 
11. In the following incomplete nuclear equation, i 
Cust a? NIS, 
the missing term is 
(a) an electron (b) a positron 
(c) a neutron (d) a proton 
Ans. (b). 


12. Assuming equal weight of radioactive elements, the most dangrous to 
approach immediately would be one having a half-life of 


(a) 0.001 minute (b) 4.5 billion years 


(c) 12 days (d) 65 years. hie’ to 


» 13. Element 102, with a mass number of 353 was synthesised by bombarding 
#Cm*? with a single nuclear particle which it captured. The par icle used was 
which one of the following? 


Ca) 5X" — (b) sX* (c) X" (d) ,,X?* 
Ans. (c) 
14. Through radio active decay, .,U** may be transformed into 3a Pb**, 
This process involves the loss of 
(a) 8 Alpha particles and 6 electrons 
(6) 7 Alpha particles and 4 electrons 
(c) 6 Alpha particles. 1 neutron and 3 protons. 


(d) 6 Alpha rticles, 3 electrons and 2 deutrons. 
ms Ans. (b) 


eel The break up of a nucleus ofan atom into two nuclei medium weight is 


(a) Fission (5) Natural radioactivity (c) Fusion 
(d) Artificial radioactivity. 


Ans. (a) 
16. The graphite rods in the nuclear pite 
(a) convert fast moving neutrons into thermal neutrons 
(5) react with U*'5 to release energy 
(c) furnish deutrons to fission U28 
(d) undergo combustion which triggers the fission reaction. 

Ans. (a) 
17. One of the following is fissionable 
(a) H—-3. (b) Co—60 (c) He—4 (d) Pu—239 
à ^ ! : Ans. (d) 

sane bored changes differ from ordinary chemical changes in that radio- 

(a) are explosive (b) absorb energy (c) release energy 


(d) involye changes in the nucleus, -t 
Ans. (o) 
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19. Which of the following materials is used for control rods in uranium 
reactions? 
(a) titanium (b) antimony (c) carbon steel (d) boron steel. 
Ans. (d) 
20. Write notes on the following: 
(a) Radioactive series 
(b) Structure of nucleus 
(c) Separation of isotopes 
(d) Uses of radioactive isotopes. 


Chapter 24 


PHOTOCHEMISTRY 


24.1. INTRODUCTION 


The first importance of photochemistry asa branch of science lies 
principally in the fact that it provides the chemical potential which 
is necessary for biological chemistry to operate. From its earliest 
biological stages, the chemical origins of life were almost certainly 
photochemical reactions and. the food and fuel of life, today is 
provided by photosynthesis. The discovery of laser has further 
helped in the growth of photochemistry. Earlier we have seen that 
in order to initiate a chemical reaction, the reactant molecules must 
Overcome an energy barrier. The energy required to break the 
chemical bonds involved in the reaction is usually supplied in the 
form of thermal energy. However, other forms of energy, such as 
light and sound, have also been used to initiate chemical reactions. 
The branch of chemistry which deals with the study of chemical 
reactions produced directly or indirectly by light is called Photo- 
chemistry. Here we are mainly concerned with the radiation lying 
in visible and ultra-violet regions, i.e., the wavelength range between 
1000 A to 2000 A. Photochemical reactions receive their activation 


absorbed by solutions of potassium permanganate, 


7 but hemi 
effect is produced. The fraction of the incident | E 


ight absorbed by 
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a homogeneous medium. depends on the depth or the thickness of 
the medium. This is known as Lambert’s Law which states that 
when a beam of monochromatic radiation passes through a homo- 
geneous absorbing medium, equal fractions of the incident radiation 
are absorbed by successive layers of equal thickness of the light 
absorbing substance. It can be expressed as 


coefficient MT Lax oe (24.1) 
where 7 is the intensity of light and x is the thickness of the medium, 
a is called the absorption coefficient. On integration, equation (24.1) 
gives k 

I—Ioe7** «+. (242) 
with the boundary condition /=Jo at x—0. The intensity 7a, of the 
light absorbed is given by 


la=Io—T 
I; —Io— Ioe^** 
or Ja To (1—e74*) .. (24.3) 


When the absorbing medium is solution or gas, the relationship bet- 
ween the intensities of the incident and transmitted radiations is 
given by Beer's Law, which states that equal fractions of thé incident 
radiation are absorbed by equal changes in concentration of the 
absorbing substance in a path of constant length; that is, 

[5 Ioe7&* ... (24.4) 
where c is the molar concentration and € is the molar extinction 
coefficient, The amount of light absorbed is 

g=h—I 

=h (1—e7ec7) 2+. (24,5) 
The Beer’s law is valid only in dilute solution and when mono- 
chromatic light is used, The extinction coefficient € varies a great 
deal from substance to substance and also with the wave-length of 
the light used. The nature and position of the absorption band 
determines the colour of the substance. Ó. UR 


24.3. THE LAW OFJPHOTOCHEMICAL}EQUIV ALENCE 
Imm as 
A. Einstein in 1912 applied the concept of the quantum of energy 
to photochemical reactions of molecules. This law, sometimss 
called the law of photochemical equivalence or the principle of 
quantum activation states: Each quantum of radiation absorbed by a 
molecule activates one molecule in the primary step of photochemical 
process. 
The energy E absorbed per mole in a photochemical process is 

given by 4 
E=Nhy z ws. (24.6) 
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where v is the frequency of the absorbed radiation, h is Planck’s 
constant and N is the Avogadro's Number. Since v is equal to c/A, 
where c is the velocity of light and A is the wave length in cm, 
equation (24.6) can now be written as, 


pate ergs mole-t <.. (24.7) 
Substituting the numerical values for N, h and c we get, 
E= 6.025 x 1023 x 6.625 x 10727 x 2.998 x 1010 
i A 


1.196 x 1016 do 
sera e ETES mole 


2.859 
a 


or E= X105 kcal mol-! were (24.8) 


The quantity E defined by (24.7) 1s called one einstein of radiation 
of the given wavelength A. It can be seen from this equation that 
the energy absorbed per mole decreases as the wave-length in- 
creases. In other words, the value of energy is inversely propor- 
tional to the wavelength of the light absorbed. 


24.4. THE QUANTUM YIELD OR EFFICIENCY 


The law of photochemical equivalence is applicable only to primary 
photochemicals process i.e., when as a result of absorption of light, 
only one molecule decomposes and the products enter no further 
reaction. The Einstein law is usually marked by secondary reactions 
and radiative and non-radiative transitions which prevent a sim- 
ple 1 : 1 relationship between the number of photons absorbed and 
the number of molecules of final products in the reaction. The 
results of photochemical process are frequently expressed in terms 
of the quantum yield or quantum efficiency of the reaction. It is the 
number of moles of reactant consumed or product formed for each 
einstein of absorbed radiation. The quantity is defined as 


Number of moles reacting 


iso SS $ Number of einsteins absorbed +++ (24.9) 


An experimental arrangement for a photochemical study is shown 
in Fig. 24.1. The light from the source passes through a mono- 
chromotor which yields light of definite wavelength (A). The light 
from a monochromotor enters a reaction cell filled with the reaction 
mixture. The part of light which is not absorbed strikes the detector. 
mostly a thermopile. The intensity of light is measured with the 
empty cell and with a reaction mixture. 


Photo-electric cell also be used as detectors but the 

2E ; must be 
calibrated for each frequency. Chemical actinometers br often used 
to measure the intensity of light radiation. It utilises a chemical 
reaction which has been accurately investigated in its photochemical 
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behaviour. One of the most reproducible reactions is the decomposi- 
uon of oxalic acid in presence of uranyl sulphate. The reaction can 
be written as K 


UOz+hv ——> (UO2*?)* e 
(UO2**)*+(COOH), —— UO2*++C0,+CO+H20 


The oxalic acid concentration can be determined by titration with 
permanganate. This reaction has a quantum yield of 0.50. It has 


Fig. 24.1. Arrangement for photochemical studies. 


been found that the law of photochemical equivalence applies only 
to the primary process of the reaction since only in a few cases the 
quantum yield is unity as required by the law of the photo-chemical 
equivalence. The values of quantum yields range from almost zero 
to very large values, e.g. 10°. 


Problem. 24.1. In. the photobromination of cinnamic acid. to dibromocin- 
namic acid, using light of wavelength 4358 at 30.6°, a light intensity of 14,000 
ergs sec? produced a decrease of 0.075 millimole of bromine during an exposure 
of 1105 sec, The solution absorbed 80.1 per cent of the light passing through it. 
Calculate the quantum yield. 


Solution. E=hv= t 


=(6.62X20-*7)(3 X10"°)(4.358 % 1075) 
4.54 Xx 107?! erg per quantum 


14. 0.80 105) 
Number of quanta absorbed = OS 
=2.7410"* 
Number of molecules of Br; reacting=(7.5 10-5)(6.02 x 10**) 
=45.2X 1075 


Quantum effieiency (¢)= Bie 716.5. 


| Problem. 24.2. From the followiag data for the uranyl oxalate system, 
evaluate the quantum efficiency at each wave lengtb. 
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Wave length Fraction of Molecules Photons 
my. oxalate decomposed decomposed absorbed 
x10 /— x10- 
JESS 
365.5 0.0592 5.18 10.58 
435.8 0.0242 $ 2.10 3,64 
435.8 0.0208 1.79 3.10 


Solution, At 365.5 mp 


At 435.8 mu 


At 435.8 me 


pu number of molecules decomposed 

~ Humber of photons absorbed — — 
518X108 — 

= T0.58x do 7 0-490 


2.10x 1028 
=o 

3.6410" 
=0.576 


$ 


. 1.79x10* 
773.10x 105 
70.577 


24.5. PHOTOCHEMICAL PROCESSES 
All photo-chemical processes can broadly be classified into two. 
types: (a) The primary process and (b). The secondary process. 


(The primary process. As a first step, a photochemical reaction 
requires absorption of energy. The molecule is thus raised to a 


Fig. 24.2. Primary photo-chemical processes. 


higher energy level. This can lead to four different types of behavi- 
our as shown in Fig. 24.2. In Type I, transition is from a stable- 
ground state to a stable excited state. The corresponding spectrum 
consists of discontinuous bands with a fine. structure of closely 


packed lines 


as shown. Type II represents a transition to an 


unstable state which immediately undergoes disassociation. Type III 
also leads to dissociation because the energy level reached lies 
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above the binding energy of the molecule. Type IV is a combina- 
tion of type II and type III. The initial transition is from one stable 
state to another but, the upper state is intersected by the potential 
energy surface of an unstable state. When the molecule is vibrating 
in the excited state, as soon as. it reaches a point where the two 
curves cross, it undergoes dissociation. This type of behaviour is 
referred to as predissociation. 


The secondary process. This process involves the excited 
atoms, molecules or free radicals. A large number of paths are 
available to à molecule, some of them may lead to the return of the 
molecule to the ground state by emission of excess energy while the 


others produce chemical decomposition. 
24.6. SOME PHOTOCHEMICAL REACTIONS 


Afew photochemical reactions will be briefly discussed in this 
section. 3 E 

(a) Photolysis of ammonia. The decomposition of ammonia 
takes place by radiations of wave length from 1600-2000 A. The 
average quantum yield up to 500 mm pressure of ammonia is 0.25. 
Wing has suggested the following mechanism: 


NHs--hy —> NH2+H (primary process) qq) 
.NH4-H —— NH; PENNY 
H+H —> H2 . (iii) 
NH24-NH; ——> N;H4 ... (iv) 
N2H4+H —> NH3+NH2 : «a (Y) 
NH2+NH2 —- N2+2H2 +. (i) 


The low observed quantum yield may be due to the fact that the 
products of the primary stage NH2 and H recombine to form 
ammonia. à 

(b) Decomposition of hydrogen iodide in the gaseous 
phase. From the studies of molecular spectra, it is clear that one 
molecule of HI absorbs light of wave length less than 4.000 A, the 
molecule dissociates into an atom of hydrogen and an atom of 
iodine, the latter is in the excited state. The reaction has been 
extensively studied by E. Warburg. 


The primary process of the reaction is therefore 


hy 
HI ——> H+I* 
The possible secondary processes that follow this step are: 
HI+H —> H2+1 Sen E) 
I+HI —— h+H ee ail) 


H+H —> Hp sa (iii). 
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I-I—— Lh e (iv) 
I+H ——> HI sici) 


In the above reactions, (ii) and (v) are highly exothermic with 
the result that the products in both cases have such high energies 
that they will immediately dissociate unless the reaction has taken 
place in the presence of third atom. Such three body collisions are 
however, unlikely. Reaction (ii) is an endothermic process and 
therefore takes place slowly. The elimination of these three reac- 
tions leave reactions (i) and (iv) as the likely secondary processes. 
The decomposition of HI can now be written as consisting of a 
primary and two secondary processes: 


hy 
HI —- H-+I* 
HI+H —— H,+1 
LHI—-—L 


On adding these three equations, we get: 


hy 
2HI —- H;-4-15 


Thus the absorption of one quantum of radiation leads to the 


decomposition of two hydrogen iodide molecules. This agrees with 
the measured quantum efficiency, 


(c) The hydrogen-chlorine reaction, Ifa mixture of hydrogen 
and chlorine is exposed to visible or ultra-violet light of wave length 
less than 4800 A, a fast reaction occurs resulting in the formation 
of hydrogen chloride. The first Step involves the dissociation of 
‘chlorine molecule and is followed by other fast steps: 


Clo+hy — 2C) ^" : SEN CN) 
CL-H; —-+HCI+H C) 
H+Ch +> HCC] porc) 


CI (at walls) => 3 Cl; - Pr) 

The quantum sield of the reaction ‘is exceptionally high (104 to 
109). Once the reaction has been started by the absorption of one 
quantum of light, a very large number of hydrogen chloride mole- 
cules are formed as a result of the continued repetition of steps (ii) 
and (iii) of reactions. The chain is only terminated at the walls of 
the reaction vessel, à 


(4) Dimerization of anthracene in solution, When anthra- 


_cene in benzene solution is exposed to U.V. light, dimerization 
occurs and dianthracene is formed. | 


i 2CisHio- iy —> CHa, 
-In dilute solution, the reaction is accompanied by fluorescence 
"on 
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and the quantum efficiency is small, but as the concentration is 
increased, the fluores- : 
cence falls off whereas 


the efficiency increases 


towards a limiting value. ^ $ 
When the latter is attain- E 8 
ed, there is very: little $ 3 i 
fluorescence. The results è t 
can be shown quantita- § 8 
tively by the curves in 85 / 
Fig. 24.3. E 
(e) Double decom. 
position, Hexahydro- Concentration of anthracene 
benzene, in the presence ` Fig. 24.3. Dimerization of anthracene. 


ofbromine, illuminated 
by light of wave length 4760 A, gives monobromohexahydrobenzene 
and hydrogen bromide. 


hy 
Ce6Hi2+Brz2 —> CoH,Br+HBr 
The photochemical hydrolysis of monochloroacetic acid is another 
example of such a reaction, ‘ 


hy 
CH2Cl.COOH+H20 —- CH,(OH)COOH+HCI 


(f) Isomeric transformation. Some substances, whem photo- 
lysed, are transformed to the isomeric form, such as conversion of 
maleic acid into fumaric acid and the reverse reaction, by exposing 
their agheons solutions to light of wave length 2070 A, 2530 A and 
2820 A. 


H—C—COOH hv H—C—COOH 
y KW ll 
H—C—COOH HOOC—C-—H 
? H—C—COOH by H—C—COOH 
and l T i] 
HOOC—C—H H—C—COOH 


(g) Chain reactions. There are many instances where a single 
molecule dissociates and one of the fragments reacts in such a way 
that a chain of dissociation results. The combination of hydrogen 
and chlorine is a common example which proceeds as under: 

Cl;4-hv == 2Cl 

CH —> HCi+H 

H+Ch —- HCI+Cl 
Such a chain continues until the free atoms unite, thus terminating 
thechain. . H+Cl —— HCl. 

Once the free atoms with excess energy are produced by the 
photon, the chain continues until the energy is diverted to other 
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location where it no longer acts as a dissociating agent. Thus the 
termination reaction above does not take place instantaneously or to 
the wall of the vessel by collision. 


(h) Photosensitized reactions. In certain cases, the molecules 
that absorb light take part in photochemical reaction only in an 
4ndirect manner and act merely as carriers of energy. Such mole- 
cules are known as sensitizers and the process of this type are 
known as photo-sensitized reactions. For example, a hydrogen 
molecule is unable to absorb the radiation of wave length 2537 A. 
When mercury yapor is mixed with hydrogen and exposed to light 
from a mercury vapor lamp, the reaction is photo-sensitized by 
mercury vapor and can be represented as: 

Hg--hv ——> Hg* 
Hg*--Ha —— Hg+2H 
where Hg* represents an activated mercury atom. The most 
important example of photosensitization is the action of chlorophyll 


in the combination of carbon dioxide and water in presence of sun 
light. The process is known as photo-synthesis (see. Sec. 24.8). 


24.7. PHOTO PROCESS 


Luminescence the emission of radiation from excited species is one 
of the several.paths by which the excess energy may be lost as 
shown in Fig. 24.4. The general phenomenon of light emission from 


Physical 
quenching 
AB 
AE+B: AB+CD* 
Direct reaction & (ji) | (jy) A intermolecular 
+E y energy transfer 


A+B (i) 


A 
Dissociation © aoe aa rds 
(i) ae AB* 
BA Intramolecular 
Spontaneous energy transfer 


isomerisation 


Fig. 24.4. Several routes to loss of electronic excitation. 


electronically excited species is known as luminescence. Luminescent 
; emission provides some of the most reliable information about the 
nature of primary photochemical processes. Competition exists 
between emission and other factors of excited species (quenching, 
reaction, decomposition, etc.) and the dependence of emission in- 
tensity on temperature, reactant concentrations, and so on, may 
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yield valuable information about nature and efficiencies of various 
processes. / 1 


The various individual luminescent phenomena are named accord- 
ing to the mode of excitation ‘of the energy rich species. We are 
concerned primarily with excitation by absorption of radiation. and 
emission from species excited in this way is referred to as fluorescence 
or phosphorescence. ` 


Fluorescence 

An electronically excited atom must lose its energy either by 
emission of radiation or by collisional deactivation; chemical 
decomposition is not possible, and radiationless degradation is 
extremely improbable. At low enough pressures, therefore, fluores- 
cent emission is expected from all atoms. Many molecular species. 
however either, do not exhibit fluorescence or fluoresce weakly even 
when bimolecular reaction or physical deactivation does not occur. 
Some general principles can suggest whether a polyatomic organic 
molecule is likely to be strongly fluorescent. First absorption must 
occur at a wavelength long enough to ensure that chemical dissocia- 
tion does not take place. Absorption to an instable state is clearly 
very unlikely to result in fluorescence. Secondly, intramolecular 
energy transfer must be relatively slow compared to the rate of 
radiation. 


The explanation of fluorescence and phosphorescence can be best 
understood from a study of Fig. 24.5, this represents the one- 
electron excitation process. The 
absorption of light hv, by the 
ground-state molecule leads to 
promotion of one electron from 
a ground state M.O. to one of the 
vibrational sublevels of the excit- 
ed-state M.O., Si (or to some 
higher electronic excited, state 
S», S3 etc.) This rapidly deacti- 
vates in solution, by a radiation- 
less process to the lowest vibra- 
tional sublevel of S1. Fig. 24.5. Mechanism of Fluores- 

For the electron to return from ^ cenceand Phosphorescence. 
iSi to the ground state, it must 
emit radiation (hvz) which is clearly of lower energy and thus of 
longer wavelength than hv4: the fluorescent radiation: corresponds 
to hvr. 

An alternative path involves loss of energy from Sı to Ti; the 
principal difference between 1 and 71 isthe electron spin orienta- 
tion. 

The two electrons. originally occupying the groundstate M.O. 
under consideration, their spins must be antiparallel from the 
Pauli’s exclusion principle. The excitation followed by the decay 


Vibrational 
sublevels 
of $, 
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to the lowest vibrational level of S; does not alter the spin ofthe 
promoted electron, but the transition $1 to 7; does. Energy states 
containing ,only spin paired electrons are called singlet states 
(So, S1, $2) and those energy states containing parallel spin electrons 

. are called triplet states (71, . . .) etc. Triplet states are more stable 
than singlet states and are longer lived, as they survive after the 
exciting radiation has been removed. These then decay to So and 
in doing so emit radiation hyp, called; phosphorescent radiation. 
This has been explained in Fig. 24.5. 


Important uses of fluorescence phenomendn are represented by 
the molecules of fluorescein and the optical ‘brightner’ derivative of 
4, 4’ diaminostilbene. 


Florescein (actd form) 


com Exe 


Ph NH eH x NH Ph 
pim 
The intense green fluorescence of aqueous fluorescein solutions 
makes it an excellent material to add to water systems for leak 
detection, an excellent *marker' for sea rescue operations ` etc. 
Minute quantities of optical brightners are added to detergents and 
are retained on the fabrics after washing in sunlight they, fluoresce 
„blue and add brightness to the fabrics after washing. Other applica- 
- tions of fluorescence depend on its extremely iow detection limit, it 
is used in polymer chemistry. to detect and identify plasticisers, and 
inthe study of impurities. Fluorescent material dissolved in solution 
_ erin solid plastic bases can also detect radioactive decay, this forms. 
W; the basis of 'scientallation counting of B-emitters etc. The three 
dimensional structure of proteins can be studied by measuring the 
proximity of known fluorescent group within the protein, these 
fluorescent groups can be either aromatic amino acids. 


In addition to this fluorescence find wider applications in testing 
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the conditions of food stuffs, for detecting ring worm. Fluorescent 
tubes are used for lighting purposes. The great importance of photo 
chemistry as a branch of science lies principally in the fact that it 
provides the chemical potential which is necessary for biological 
chemistry to operate. From its earliest abiological stages, the 
chemical origin of life were almost certainly photochemical reac- 
tions and the food and fuel of life.today is provided by photo- 
synthesis. The discovery of laser has further helped in the growth 
of photochemistry. 

Solar Energy Conversion. The need to find a substitute for 
dwindling reserves of fossil fuels is becoming increasingly apparent. 
The power from nuclear emission is becoming unpopular because 
of the anxieties about the control of reactors and protection of their 
waste products. Nuclear power offers the prospects of almost un- 
limited energy supply ifthe formidable technical difficulties can be 
overcome, Although tidal and geothermal energy could become 
locally important they cannot make a major contribution to global 
demands. By contrast solar energy is available everywhere and the 
total supply for outstrips man's requirements as the radiant energy 
reaching the earth's surface in one hour approximates to the global 
requirements for one year. At'noon 1l m? of the Sahara, desert 
receives about 1.kW. of solar power. The efficiency with which the 
incident radiation can be converted into usable power will be one 
ofthe main factors determining the exploitation of solar energy 
where C6H1206 stands for the basic synthesis product of the. reaction 
which has glucose structure. The combustion reaction, complemen- 
tary to the above process, can be written: 


C&H12054- 605 —-> 6CO54- 6H20 
AS=43.6 cal.deg.-! mole. 
AG*- — 686 kcal. mole". 


AH=—673 kcal. mole7!. 
24.8. RADIATION CHEMISTRY 


This is the branch of science which involves the study of chemical: ui 
effects induced by ionizing radiations like X-rays, y-rays, electrons, 
protons, «-particles and neutrons. This is similar to photochemistry 
with a slight difference in absorption. process. : 

. Comparison with photochemistry. Radiation chemistry differs’ 
from photochemistry in the following respects: 

1. In case of photochemistry, the absorption process is more 
complicated. Here the radiation is usually monochromatic, whereas .- 
the radiations in radiation chemistry may or may not be monochro- 
matic. 

2. In photochemistry, one ‘molecule absorbs one photon which 
atleast initially produces excited state, but in case of radiation 
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chemistry, the absorption process passes through a spectrum of 
lower energy states. Thus many other molecules are ionized or 
excited by the initial quantum or particles. 


3. The absorption in photochemistry is purely and highly specific 
even in dilute solutions.. The radiations are absorbed by the solute, 
whereas in radiation.chemistry, the radiations of all energies may 
be absorbed by both the solute and the solvent as well. 


4. In photochemistry, the excited states produced by absorption 
are distributed homogeneously in the system. The radiation che- 
mistry involves the presence of uncharged species like radicals and 
atoms rather than ions, produced in the primary reactions. 


A quantitative measure of these radiation induced effects is given 
by a quantity called G value of a reaction. It is defined as the 
number of molecules reacting per 100 electron volts of energy 
absorbed. This definition may be expressed in a slightly different 
manner. Since the absorption of lelectren volt by a molecule is 
equivalent to N electron volts per mole where N is Avagadro's 
number and if e is the electronic charge, then Ne will be equal to 
one faraday or 96,500 coulombs. Hence N electron volts is equi- 
valent to 96,500 volt coulombs or 23,06 cal. Hence G value gives 
the number of moles reacting per 2,306 kcal of energy absorbed. In 
actual practice G is a small number. Only a few moles react for 
the absorption of over 2000 kcal of energy from the radiation, 
whereas chemical reactions require about 50 kcal per mole. Thus 
only a small part of the radiation absorbed is utilised for chemical 
reactions and most of it is absorbed as heat. The decomposition of 
water by radiation, has been studied in detail, though the reaction 
mechanism has not been definitely established. The earliest detec- 
table products are hydrogen and hydrogen peroxide and transient 
reactive species with properties to be expected from H atoms and 
OH radicals. 


The reaction may be represented as . 
H20 > Ions and excited molecules > H--OH. 


The symbol — is used to represent the absorption of ionizing radia- 
tion. The other reactions are 


H+H +H: 
OH+OH — H207 
There is also a possibility that Hz and H;0; are formed directly 
from two molecules of water. There are large number of possible 
paths this simple reaction can proceed. The calculation of G value 
for each probable step and the overall G value is compared with 


the experimental G value. This helps usto establish the path ofa 
reaction. 


24.9. APPLICATIONS OF RADIATION CHEMISTRY 


The applications of this fascinating field range far and wide. Follow- 
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ing are the main uses of radiation chemistry: i 
1. To study reaction mechanism by radiolysis of solids, gases 
and liquids. 

. Nitrogen fixation. 

. Polymerisation. 

. Food-preservation. 

Sterilization. N 

Production of detergents. 

Production of gammaxane ethyl bromides. 

. Gamma-gardens. 

. For medical purposes. 

10. To study the different 10cks. 


Radio chemistry. Radio-chemistry is the branch of chemistry 
which studies the application of radioactivity to chemical problems. 
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PROBLEMS 


1. State and explain Einstein's law of photo-chemical equivalence. If 10 
per cent of the energy of 100 W incandescent bulb goes into visible light, 
having an average wave length of 6000A, how many quanta of light are emitted 


per second? >. 
Ans. 30x10” quanta. 


2: What do you understand by the term photochemical reaction? How does 
it differ from a chemical reaction? 

3. Define and explain Einstein’s Law of photochemical equivalence. What is 
meant by photochemical equilibrium? 

4. Give an account of the various types of photo-processes, you know of. 

5. State and explain the law of photochemical equivalence. How are the 
discrepancies between the Einstein's law and experimental results explained? 

6. A 2-mm layer of pyrox glass will transmit 10% of incident radiation of 
3000A. What percentage of light of the same wavelength will be absorbed by a 
1mm layer of the glass? 

Ans. 61.4% 


7. What do you understand by the quantum yield of a photochemical reac- 
tion? What are the causes of high or low quantum yields? 

8.A certain photochemical reaction requires an activation energy of 
30,000 cal. mol-*, To what values does this correspond in the following units? 
(a) ergs per molecule, (5) frequency of light, (c) wave-number, (d) wave-length 


in angstroms and (e) electron volts? 
Ans. (a) 2.0810- erg molecule"! 


(b) 3.14 X 10^ sec? 
(c) 10,500 cm? 
(d) 9520À 

(e) 1.30 eV. 


9; Write explanatory notes on (a) Grotthus-Draper law, (b) Lambert's law 
. and (c) Beer's law. 3 
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10, How do you account for the fact that, in the combination of hydrogen 
and chlorine by exposure to ultra-violet light, more than 10° molecules are 
formed per quantum of energy absorbed? : 

11. Irradiation of HI vapor with ultra-violet radiation of wave length 
2,070 A leads to the formation of Ha and I,, It has been observed that for 
every calorie of radiant energy that is obsorbed, 0.00184 g. of HI is decom- 
posed, How many HI molecules were decomposed per quantum of observed 
radiation? 

Ans. 2.0 

12. In photochemical combination of Ha (g) and Cl, (g), a quantum efficiency 


of about 1.0 10° is obtained with a wave length of 4800 A. How many moles of 
Hee world be produced under these conditions per ‘calorie of radiant energy 
absorl ? ; 


Ans. 33.6 moles 
13, Give a brief account of the different types of chemical reactions brought 
about by the action of light, giving examples. 
14, What do you understand by chemiluminescence? Give two examples. 
15. Write notes on the following: d 
(a) Fluorescence. 
(b) Photosensitized reactions. 
(c) The Primary process. 
(d) The Secondary process. 


| 


Chapter 25 


N 


PHYSICAL PROPERTIES AND CHEMICAL 
CONSTITUTION 


25.1. INTRODUCTION 


The problem of establishing the chemical constitution or structure 
of a molecule has two aspects: 


(a). determination of the actual size of the molecule, i.e., distances 

between the constituent atoms, 

(b) arrangement of the atoms in the molecule, nature of the bond 

.and the strength of the molecule, ; 

Various physical methods have been employed -for the purpose.’ 
However, there is no single procedure for establishing the structure 
of molecules, The choice of a method or methods is determined’ 
from the nature of the molecule under investigation. 

In this chapter, we shall briefly discuss some of these properties 
and how they can be used to establish the structure of molecules. 


25.2. MOLAR REFRACTION 


This property is characteristic of both gaseous and liquid states. 
The molar refraction of a compound may be expressed as, 


m—1\ M ^ i 

ru=( 355) "i 3 vuon(24d. 
where n is the refractive index of the medium (i.e., n=sin i/sin r), 
Mis the molecular weight and d density of the medium. j r 


Molar refraction is both an additive and constitutive property. 
In order to get comparable results, itis necessary, therefore, to use 
light of a fixed frequency. Generally, the yellow light of sodium D 
line is employed. The molar refraction values have been used to 
decide between the alternative structures of some organic com- 
pounds: the formula which givés a calculated molar refraction in 
best agreement with the experimental value is the correct structure. 


"Table 25.1 lists the values of molar refraction for D-line of 
sodium. 
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TABLE 25.1. 
Molar refraction contributions 
Carbon 0.418 - Triple bond 2.398 
Hydrogen 1.100 3-membered ring 0.710 
Chlorine 5.967 4-membered ring 0.480 
Bromine 8.865 Oxygen “in OH group, O—) 1.525 
Todine 13.9000 Oxygen in (CO group O=) 2211 


Double Bond 1.733 


Problem 25.1. Calculate the molar refraction of acetone at 20°C. The refrac- 
tive index, n, of acetone is 1.3591 and the density’ is 0.7910 g cm-* at 20°C. 
The molecular weight of acetone is 58.08. 


Solution. The molar refraetion Ry is given by 
n—1\ M 
Ru= X 


n2 
. (1.35911 ,, 58.08 
RM — 0.35912 97910 
Ru=16.17 c.c. 


Problem 25.2. The molar refractions tor CH;CH,CH;CH;, CH;CH,OH and 
CH,OH are 20.6, 12.9 and 8.3 respectively. Calculate the molar refraction for 
3 CH, CH,0H. 


Solution. Since molar refractions are additive, molar refraction for CH; 
group can be calculated as follows: 
Rm (CHy) 7 Ry(CH;CH,OH)— RM(CH,OH) 
—12.9—8.3 
=4.6 i 
RM(CHCH,CH,OH) = R m(CH:CH,0H)+2RM(CH,) 
—12.94-2x4.6 
22241: 


25.8. PARACHOR 


Macleod gave an equation relating the surface tension of a liquid 
to the density and its vapors at a given temperature. According to 
tbis equation, we have 


y=C(D—dy «+ + (25,2) 


where C is a constant, D is the density of the liquid and d is the 
density of the vapor. à 


Equation (25.2) can also be written as: 


1/4 
Bog sei 4255053) 
Multiplying both sides of this equation by M, we get, 
(525 e em + + 25:4) 


The constant [7] is called the parachor. Since Dd, d can be 
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neglected. Hence equation (25.4) can be written as 
(erem 21.055) 


The quantity ( X) is called the molar volume. Hence parachor 


may be taken as equal to the molar volume of the liquid when its 
surface tension is unity. 

Parachor is both an additive and constitutive property and hence, 
the parachor values can be used to decide the correct structure out 
ofthe different structures known for the given substances. The 
parachor values of some of the structural fragments are given in 
Table 25.2. 


TABLE 25.2 
Parachor values 


Carbon 4.8 Double bond, ` 23.2, 
Hydrogen 17.1 Triple bond 46.6 
Oxygen 20.0 3-Ring 16.7 
Nitrogen 1255 4-Ring 11.6 
Chlorine 53.8 5-Ring uc 8.5 
6-Ring 6.1 
Bromine 68.0 Single bond 0.0 
Two structural formulae has been proposed for quinones: 
(0) ———0 
I f | 
| 
i i | 
(0) ao 
I Il 


For structure I, we have 
(6X4.8)+(4X 17.1)+(2x 20.0)+(4x 23.2)+6.1 
=236.1 


For structure II: 
(6% 4.8)--(4X17.1)2- (020.0) G x23.2)--(2X 6.1) 
219.0 


The experimental value for quinone is 236.8. Structure I is thus a 


correct structure. 
25.4. DIPOLE MOMENTS 


When an electrically neutral molecule is pla 
field, there is no net force tending to move t 


ced in a uniform electric 
he molecule. The field 
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pulls the. positive charges in the molecule in one direction’ and the 
negative charges in just the opposite direction, and the two forces 
cancel one another. If there is difference in electronegativity of the 
two atoms, then the more electronegative atom will carry the 
negative’ charge and the positive charge will be carried by the more 
electropositive atom. This results in the electrical dipole moment 
in the molecule. 


The origin of dipole moment, In a heteronuclear molecule like 
HCl, each individual atom contributes one bonding electron. 
However, because chlorine. is more electronegative than hydrogen, 
the valence electrons reside more within the influence of chorine 
rather than hydrogen nucleus, Exact location is impossible in 
quantum mechanical language and the situation is simply represent- 
ed by H®* —CI^. Such a bond constitutes a permanent electrical 
doublet or dipole p. 


The dipole moment of a molecule AB is defined as the distance 
between the centres of positive and negative. charge, multiplied by 
the charge of one of them, i;e.; E 


u-qr 1225.6) 
where q is the charge and r is the distance between the centres of 
positive and negative charge. 

The charges and» distances are of the order of 10-!9 esu and 
1078 cm (1A) respectively. For one electron (charge 4.80 x 10-10 esu) 
separated from equally charged Positive centre, by a distance 
of 1A, the dipole moment would be 

1 154.80 x 10710 (1x 10-8) 
74.80 X 10-18 esu-cm. 25:225.7) 


However rather than esu-cm, dipole moments are usually expressed 
in Debye units, where one such unit is equal to 107!9 esy-cm, 
Dipole moment is'a vector quantity as is shown in Fig. 25.1. 


Values of dipole moment for 
most inorganic compounds 
range from 0 to about 12, but 
Some. dyes have moments 
around 20 while proteins have 
been quoted at several hundred 
Debyes. 

The magnitude of or bond 
polarity is crudely related to 
electronegativity differences of 
Constituent atoms and their 
Separation distances. There is 
of course no permanent charge 
displacement. in homonuclear 
Fig. 25.1 molecules like H, because both 
atoms are electronegatively 
identical and 1-30. 
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Molecules are, therefore of two types, i.e., polar (#>0) and non- 
polar (4=0). 

The observed dipole moment of a molecule is the vector sum of 
all the individual dipole moments. Carbon dioxide has a zero dipole 
moment since the molecule is symmetrical and linear, the vector 
sum of the bond moments being zero. The dipole moment of water 
is 1.85 D. This shows that the molecule is non-linear. 


A: oO 
eat 
O=C=0 H H 
Ferona dioxide Taa 


In SI units q is measured in coulombs C, and r in meters, so 
pis in cm. One Debye unit in SI units is equal to 3.336 x 10-9? cm, 

The concept of bond moments and their vector addition is im- 
portant.from the point of view of determination of molecular 
structure since it is possible to deduce an unknown bond angle from 
the known bond moments and the experimentally determined bond 
dipole moment. : 


The bond angles thus obtained are. however approximate. How- 
ever the simplest and most reliable deductions’ which can be made 
about molecular structure from dipole moment measurements is 
whether a molecule is completely symmetrical or unsymmetrical, 
because the former case the dipole moment must be zero. Thus 
we have, for water and carbon dioxide molecule, following values 
of dipolemoments. ' 


(0) 
ZNE 
H H O=C=0 
u-1.84 D uz0 

Applications of dipole moment measurement We shall give some 
applications of dipole moment measurements in establishing the 
structure of the molecules. 

(a) The absence of dipole moment in the molecule indicates that 
the electron pairs binding the atoms are situated equidistant between 
the constituents of the molecule. 

(b) The measurement of dipole moments in heteronuclear diato- 
mic molecules is helpful in calculating the per cent ionic eharacter. 

(c) Dipole moments in certain cases are helpful in distinguish- 
ing between the cis- and trans-isomers. 1:2 dichloroethence exists as 


under 


H—C—Cl H—C-CI 
ll Il ti 

H—C-—CGl C]I—C—H 

cis-form trans-form 


The cis-form has a dipole moment 1.90 D whereas the trans-isomer 
has a zero dipole moment. Other isomers which may be distinguished 


i 
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by dipole: measurements are o-, m— and p—- disubstituted 
benzenes. 


ni i à Ü 
z Ae 
Wei 
uf 
p=2.5D p=11D p=0 


Certain atoms or groups e.g., —Cl, —NO» when attached to a 
carbon atom with electrons'and this end thus becomes the negative 
end of the dipole (—I effect). Other atoms or groups i.e: —CH3 
attached to a carbon atom become the positive end of the dipole 
and are said to exert positive inductive effect (+I effect). The sign 
and the magnitude of the inductive effect are important in under- 
standing chemical reactivity. The values of the dipole moments of 
some molecules are given in Table 25.3. 


TABLE 25.3 
Dipole moments of various molecules 

(Debye units) 
Molecule Dipole Moment Molecule Dipole Moment 
Hs, Cl, Na 0.0 C,H,, naphthalene 0 
CO,, CS, 0.0 CH;OH 1.70 
HCl 1.03 CH;NH, 1.24 
HBr 0.78 ^ CH,COOH 174 
HI 0.38 p-Dichlorobenzene 0 

-H,O 1.84 o-Dichlorobenzene 2.50 

HCN 2.93 p-Chloronitrobenzene 2.83 
NH; 1.46 m-chloronitrobenzene 3.73 
co 0.12 
PH; 0.55 
PCl; 0.78 
CH;Cł 1.86 


CH, CH, C;H,íC;H; 0.0 


25.5. DIELECTRIC POLARIZATION 


A molecule that possesses no permanent dipole can have a dipole 
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mornent induced when placed in an electric field. When a molecule 
is placed between two charged 
plates, then the nuclei which carry 
positive charge will be attracted 
toward the negative plate and the 
electrons toward the positive plate 
This causes polarization of the 
molecule and an electric dipole is 
formed. The polarization lasts as 
long as the field is applied. The 
molecule reverts to » original 
condition when the field is re- k Sis 
moved, this is called induced EP A ERAN 
polarization. Figure 25.2 shows j 
the polarization of a molecule in an electric field. 


The molar polarization which is the sum of the induced polariza- 
tion (P;) and the orientation polarization (Po) is often described by 
the following equation: 


SR an ( He 
Pu=z NaHS nn (567 ) ... (25.8) 


where N is the Avogadro's number, M is the molecular weight, œ is 
the polarizability of the molecule, œ is the permanent dipole moment, 


N 
The first. term gives the contribution due to induced polarization. 


k is a gas constant per molecule ( k= and T is the temperature. 


. 80 
L2 
. 60 
CE 
io) 
E 40 
g 
1 
g 20 
a 
OS oO «x 
8888 
o o o 
ap 
T 


> Fig. 25.3. Variation of total molar polarization with temperature. 


and is constant represented by A. In the second term, all quantities: 


are constant except T and hence can be represented as £z . With 
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these substitutions, equation (25.8) may be expressed as: 


Pusa 2 pe ... (25.9) 


On plotting Pm against a we get a linear behaviour as shown in 


Fig. 25.3. The slope B will be equal to: 


_ 4xNp? 25.10 
Be ea «+» (25.10) 

and on inserting the values of N, u and k we have, 
=0.0128V B +10-18 ES. (25:11) 


Problem 25.3. Given that 
-M D-i 45N bs HCI Pi 
Pecimoio= 2. 23 zn at and that for CHCl (e), P is 
90.0 cc/mole at Lt =0.004, and 50 cc/mole extrapolated to 4 70.0. 
Calculate « and u for CH;CI. 


Solution, At a0 


P=-45Na 


3 
22, 
30-4522. SEM Ie 


a=1.98X 107” cc/molecule, Ans. 
At — —-—0.00 


The second term in the equation'is 90—50—40 cc/mole, 
na 4nNp? 
Pts apr 
a 40X9KT 
4zN 
> 40X9X RT R 
a CV ATARM o ES 
we DA ( so kak ) 
LL 40x9X8.3X107x:7 
4X22X36X1019»0.004 
p=1.28 debyes . Ans. 


25.6. SPECTROSCOPIC METHODS 


The word spectroscopy is widely used to mean the separation; 
detection and recording of energy changes (resonance peaks) involv- 
ing nuclei, atoms or molecules. These changes are due to the emission 
absorption or scattering of electromagnetic radiation or particles. 
Spectrometry is that branch of physical sciences that treats the 
measurement of spectra. 
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According to the quantum theory of matter, the internal energy of 
a molecule may be raised by the absorption of a quantum of electro- - 
magnetic radiation ifthe energy of the quantum exactly equals the 
difference A E between two energy levels in the molecule, i.e. 


AE- hy «+ (25.12) 


where his the Plank’s constant, vis the frequency, À is the wave 
length of the electromagnetic radiation and c is the velocity of light 
in vacuum. 

Molecules, like atoms, can exist in a number of states of differing 
energy and transitions in between them result in the absorption or 
emission of energy in the form of radiation of definite frequencies 
i.e.,aline spectrum ofthe molecule appears. A large number of ` 
such transitions are possible so that the resulting spectrum consists 


JEU 


Fig. 25.4. A typical band spectrum. 


ofseverallines spaced so close together making a band. A typical 
band spectrum is shown in Fig. 25.4. 

The energy changes, which give rise to the spectrum, may consist 
ofthree types: (a) rotational, (b) vibrational, and (c) electronic 
excitation. 

(a) Rotational absorption spectra. Pure rotational absorption 
spectra are observed in the far intra-red and microwave regions of 
the electromagnetic spectrum. The molecule must have a permanent 
dipole moment, before it can produce the rotational absorption 
spectra. Rotational energy levels are spaced close together with 
separations of — 300 cal. The energies of the rotational levels of a 
diatomic molecule AB is given by ; 

h2 
aie 8:2] 
where J is the rotational quantum number and Zis the moment of - 
inertia given by 


J(I+1) ... (25.13) 


_( mams 3 3 ; 
I (2m )r ps ... 5.14) 


where ma and mg are the respective masses of the atoms and rag is 
the bond length. The term inside the brackets is called the reduced 
mass of the molecule and is denoted by p. Transitions occur only 
between adjacent quantum levels, that is, 


AJ=+1 
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When a molecule is raised from one rotation level to another i2., 
. from quantum number J—1 to the level J, the energy emitted is 
given by 


hv=Es—E(s-1) 

Many pes 

gar | 00-70-05] 
eU 
- 4x) 


EOS 
~ 427 


_ From equation (25.15), it is clear that the spacing between the lines 
is equal to AI In terms of wave number, we have 


vs 


z 


or J 3102:25;15) 


»—— a -.. (25.16) 


The moment of inertia is obtained from the measured spacing 
: between the lines in the rotational spectrum. The bond length rap 

can thus be determined for heteronuclear diatomic molecule from 
the knowledge of 7 and p. 

Problem 25.4. The vibrational frequency of HCl is 2989 cm~! (in wave 
numbers). The isotopic weights are H'— 1.008 and C15—35,97 amu. 

(6.023x 10 amu=1 g). 

(a) Convert this frequency to sect. 
nih Calculate the reduced mass of the two atoms in HCl, in amu and in 

ms. 


Solution. (a)' ES =2989 cm-* 


v= $ =2.998x 1010 cm sec-1x 2989 cmt 


’ =8.96 1079 sect, 
= (amm _ 1.008X34.97 ° 
[2] be emp ^ — 3897 — 70.981 amu, 
and f 0.981 amux1g 


776.023X 10? amu = 1.6310" g. 


Problem, 25.5, The rotation Spectrum of HCI vapor consists of a Series of 
! Vie dines ms m is chlorine is exclusively the 35C] isotope. The 
spaci ween the two lines of the spectrum in terms of w: i * 
em, Calculate the bond length in HCI. d odisea OA 
Solution. The difference in the frequency of any two adj i 
tion. f jacent rotational 
absorptions js equal to 2B, The wavelength diff C 
frequency difference. gth difference can be converted toa 
2BeAv-. C. 
Av. Ax 


$.0X104 cm s= 
47x 1075 cm 
33.2104 s 


MÀ À"A— 


—— 
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S E. 
ince any 
6.6X 10-77 


C 8n®X3.2X 10% sr 
$ | =2.610- erg-s? 
For a diatomic molecule 
T=pre* 
where ye is the internuclear separation at equilibrium 
2_ 2.6X107* erg s? 


r= 
35X1 i 
(Aser 602x10 u) 
—1.61 X 1076 cm 
re=1.3A 


(6) Vibrational spectra. Atoms within molecules may vibrate 
about their average positions undergoing periodic displacements 
from these positions. The vibration of an atom with respect to other 
atoms in a molecule involves bending or stretching of the valence 
bonds which hold it. Vibrational spectra result from the changes in 
vibrational energy levels. All the vibrations of a molecule can be 
described as one ora combination of a certain number of funda- 
mental modes of vibration. Consider a molecule containing n atoms, 
The position of each atom can be defined by specifying the three 
coordinates i.e., x, y and z cartesian coordinates. This will give rise 
to 3n number of coordinates. Since each coordinate value may be 
specified independently, a molecule of atoms has 3n degrees of 
freedom. Once all 3n coordinates have been fixed, the bond distances 
and bond angles of the molecule are all fixed. 


When a molecule is free to move in. three dimensional space as a 
whole without change of shape, we can refer to such movement by 
noting the position of its centre of gravity at any instant and the 
position can be described if the values of its three coordinates is 
known. This translational motion uses 3 degrees of freedom and 
hence the remaining degrees of freedom will be 3n—3, Similarly, 
the rotation ofa non-linear molecule can be resolved into compo- 
nents about three perpendicular axes and this will require three 
degree of freedom. The molecule will now be left with 3n—6 degrees 
of freedom. 1 

.. Fora non-linear molecule, the number of fundamental vibra- 
tions—3n— 6. 

If the molecule is linear, there is no rotation about the bond axis, 
hence only two degrees of rotational freedom are required leaving 
3n—5 degrees of vibrational freedom. Jt can be shown from quantum 
mechanical considerations that the vibrational energy levels of a 
molecule are given by: 


Est 22272 pe i 
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where v is the vibrational quantum number. The frequency vo of a 
diatomic molecule is related to mass m and force constant k by the 
equation: 
ESERE : 
———A]-— n ESN t 
fo 2n m ( ) 


The vibrational absorption spectrum of HCI is shown in Fig. 25.5. 


Fundamentai 
0-1 
(1.204) (1.76 4) (3.46 +) 
1 2 3 4 


Fig. 25.5. Vibrational spectrum of HCl. 


The strongest absorption band is at 3.46% anda weak band at 
1.76 p and a much weaker band at 1.20u. 

Problem 25.6. Calculate the number of vibrations in the following molecules: 
(a) SO, (b) Hy (c) COs. 


, Solution. (a) SO; is a non-linear molecule. The number of modes of vibra- 
tion will be 37 —6, where n is the number of atom. 


3n—6=3X3—6=3 modes 
(b) Since Hy is linear. There should be 3n—5—3X2—5-1 mode af vibration. 
(c) CO, is a linear triatomic molecule. The modes of vibration will be 
: 3n—5=3X3—5=4 modes. 
Problem 25.7. Calculate the force constant for HCI from the fact that the 
fundamental vibration frequency is 8.667 x 101* Sect. 
The reduced mass of HCl is 1.628 x10-** gram, 
Solution. ke Qnvyty 2 
= (2X3.142X8.667 x 10" sec-1)? (1.628 10-24 g) 
74.81X10* dynes cm~. 


_Vibration-rotation Spectra, Vibration-rotation Spectra are ex- 
hibited by diatomic molecules with permanent di 
Homonuclear diatomic molecules, such as O5, Cl; 
show vibration-rotation Spectra since t 


") to another level (quant 
number v), the energy aborbed is given by peat 


AE,—E,—Ey 
- AE,=(v+4) hyg—(v' + Din, E 
A E,—(v—v'yhyo (25.19) 


The accompanying vibrational transitions are 


y super i 
rotational changes. The rotational changes add o p Eon e 


T subtract from 
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(25.19). The energy changes are given by 


AE=AE,+ AE, «+ + (25.20) 
i h2 
Since, AE-( sor) F 
h2 
AE- (»—v')hvyd- Gr) J ... (25.21) 
Further AE=hv 
2 
- WAVY hit: (ar) J 
or v=(v—v' vot (Ar ) J; 
=Avwe ( gar) / l ... (25.22) 
where Av=v—v' 4 


"From (25.22), it follows that a line expected, corresponding to 
the vibration transition Av, will be missing and instead there will 
be a pair of lines on either side of the expected position. This 
equation predicts equal spacing of vibration-rotation lines, but the 
actual spacings observed are variable. A typical vibration-rotation 
for HBr is shown in Fig. 25.6. 


0 
2300 2400 2500 2600 2700 
; ycm-! 


Fig. 25:6. Vibration-rotation spe-trum of HBr for transition 
from y=0 to v=1. 


25.7. RAMAN SPECTRA 
When a beam of monochromatic visible or ultra-violet light is 
passed through a homogeneous medium, some light may be absorbed, 


some will be transmitted and some of it will be scattered. The 
scattered energy will consist almost entirely of radiation of the 
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incident frequency. This is known as Rayleigh Scattering, but in 
addition, certain, discrete frequencies above and below that of the 
‘incident beam will be scattered; this is referred to as Raman 
‘scattering. 


‘The schematic arrangement for recording. Raman spectrum is 
shown in Fig. 25.7. . 


Sample 


Monochromatic 
Non-scattered light 


Prism 


Photographic film 


Fig. 25.7. Schematic diagram for Raman spectroscopy, 


Raman found that the difference, Av, between the incident and 
scattered radiation is constant, characteristic. of the substance 
irradiated and is completely independent of the frequency of the 
incident radiation. In the Raman spectrum, the radiation scattered 
with a frequency lower than that of the incident beam is known as 
Stokes radiation while that of the higher 
Stokes radiation. Stokes radiation i 
anti-stokes. The Raman spectra c 
energy levels of molecules, 


3 S I ‘ation aman active only if 
‘there'is a change in the polarizability of the molecule during “the 


vibration. Qualitatively, it is associated with the deformation of 
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electron cloud surrounding a molecule. The polarizability of a 
molecule will change during vibration if during vibration, the 
electron cloud become more compact or diffuse in going from one 
extreme vibrational configuration to another. The numbers of 
fundamental molecular vibrations which are infrared active or 
Raman active can be predicted for any molecular geometry. The 
proposed geometry of a molecule is confirmed by the agreement 
of its observed spectrum with the predicted spectrum. The Raman 
spectrum of chloroform is shown in Fig. 25.8, 


3200 1500 1000 600 300 
Fig. 25.8. Raman spectrum for CH,Cl. 


25.8. MAGNETIC PROPERTIES OF MOLECULES 


A study of magnetic pryperties of a molecule is sometimes very 
useful for molecular structure determination. For certain types of 
compounds, however, magnetic measurements provide one of the 
most powerful approaches for the elucidation of the arrangement 
of electron in the compound. 


Two types of chemical compound can be distinguished according ` 
to their behaviour when placed in a magnetic field i.e. (i) diamagne- 
tic substances (7) paramagnetic substances. Magnetism arises because 
of the interaction between the external magnetic field and the orbital 
electrons of the atoms. 


Diamagnetism is found for all chemical substances and is caused 

by the interaction of an external magnetic field with the magnetic 

- field produced by the movement of electrons in filled atomic orbitals. 

This results in an induced field which is directionally opposed to 

the applied field. Diamagnetism is independent of temperature but 

increases with atomic or molecular size and the diamagnetism of 

covalent compounds is approximately additive. However its effect 
is generally much smaller than that of paramagnetism. 


Paramagnetism arises whenever an atom, ion or molecule posses- 
ses one or more unpaired electrons. The presence of these causes 
the element to behave like a small permanent magnet. An applied 
magnetic field tends to align all these magnets in parallel. This 
tendency is opposed by thermal effects which favour a random 


714 ; A TEXTBOOK OF PHYSICAL CHEMISTRY 


arrangement of the magnets. Paramagnetism is found in the com- 
pounds of the transition metals, due to the presence of unpaired of 
electrons in the lanthanoids and actinoids, due to the presence of f 
electrons, and a few molecules such as O2, NO, NO» and CIO; 
which contain an odd number of valency electrons. 


The Gouy Method of Measuring Magnetic Susceptibility 

The application of a magnetic field to a paramagnetic substance 
causes magnetic dipoles to be lined up in the field direction; with 
diamagnetic materials the effect is one of polarization of the electron 
charge cloud. In both cases a magnetic flux density, B is set up and 
is given by : 
B=p H ... (25.23) 


where œ is the permeability of the medium and H is the applied 
field strength. The magnetic susceptibility (X) is defined as 


ome (25.24) 


where y, is the relative permeability of the material. The Gouy 
method measures the effect of an inhomogeneous magnetic field 
upon the specimen, which is suspended from the arm of a sensitive 
balance by a fine silver chain. The specimen is in the form of a 
rod of uniform cross-sectional area (A) where each end of the rod 
is in a region of uniform magnetic field, in this case that outside the 
magnet (Hp) and that at the centre of the magnetic field (H)., The 
poe susceptibility of the specimen is obtained from the relation- 
ship 1 


F—15,AX (H2 —H,) ... (25.25) 


The specimen, which may be crystalline or liquid is contained 
in a flat bottomed Gouy tube, constructed of glass, about 10-15 cm 
in length and of uniform cross-sectional diameter (3-10 mm). The 
tube itself, being a hollow specimen, experiences a force when the 
sample is weighed in the field. The measurements are also made 
in air, which has an appreciable susceptibility account must be taken 


of the volume of the air displaced. On taking these into considera- 
tion we get, : 


F—HAQ.—4) (H?—-H,2)+8 -.. . (25.26) 


where Xa is the magnetic Susceptibility of air and 8 is the tube 
correction factor. Measurements are made, in and out of the 
magnetic field, which may be either that from à permanent magnet 
or an electromagnet, generally in the range 400 mT to 1T (T—tesla) 
and with a pole gap of 2-3 cm. To avoid measurements of the field 
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from the mass ofa volume of water equal to that of the specimen. 
volume. 


Fig. 25.9. Gouy apparatus for the measurement of magnetic susceptibility. 


For a constant length specimen the term 
3p, A(H?—H.*) 
is a constant, i.e. 
F'-(F—8)2C(X—3X,) ` 
gAm-C(X—,) 2. «(25.275 


where Am is the apparent change in mass on applying the magnetic: 
field. Relation (25.27) can also be written as 


Ane C (=n) vs (25.28): 


where m,—mass of the sample, V=sample volume, %”=%/p 
where v is the specific volume. Further, 


1 BV LXM HV 


ERSO: Am 
á V 
sg po Ant SEA (25.29) 


An equation can be derived which relates the magnetic susceptibi- 
lity, the magnetic polarisability, «m and the permanent magnetic 
moment um i.e. ; 

%=M(am+ p?/3kT) ... (25.30) 


k is Boltzmann's constant and N is Avogadro's number. Measure- - 
ment of X as function of T helps in the evalution of am and pm. 
the first term deals with the magnetic contribution and second the 
paramagnetic contribution. It follows from the above that the 
paramagnetic contribution to the total susceptibility, X544, may_be- 


written in the form, 
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Inn .. . (25.302) 


uM 
3kT 
Curie equation. 1t has been observed that many substances do not 
bey this law, but instead follow a law of the form, 


[ol 
lan "RA ... (25.31) 


Since is a constant for a given substance. This is called 


known as the Curie-Weiss law. A is known as Weiss constant, this 
takes into account interactions between Species. Classically it is 
possible to associate magnetic moments with circulating electrical 
charges. Therefore, it is possible to have a relationship between the 
resultant angular momentum of the electrons of an atom or molecule 
and its magnetic moment. Electrons have both an orbital angular 
. momentum and a spin angular moment. Both of these can contribute 
to the observed magnetic moment, but we shall consider only cases 
where the spin contribution alone effectively decides the magnetic 
moment. The magnetic moment associated with one electron spin 
is 1.73 Bohr magnetons. (The Bohr magnetons—/e/4z mc or 
` 9.273 x10721 erg gauss™!). 


The reactant magnetic moment for n unpaired electrons which 
‘Occupy several different orbitals is 


bm=Vn(n-+2) Bohr magnestons tiny (29:32) 


"The magnetic moment of FeFs is 5.92 which corresponds to five 
unpaired electrons, whereas that of Fe(CN)e« complex should 1.73 
Bohr magnetons (BM) corresponding to one unpaired electron. The 
magnetic moment measurement helps us to know the number of 
unpaired electrons and helps to elucidate the geometry of the transi- 
tion metal compounds. 


25.9. NUCLEAR MAGNETIC RESONANCE (NMR) 


Nuclear magnetic resonance (NMR) technique is the most revolu- 
tionary of the Spectroscopic methods now in use by chemists in all 
branches of the science. Like IR and UV Spectroscopy the method 


. is non-destructible one and permits the recovery of the sample for 
"further evaluation. 
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hydrogen atoms are present an neighbouring carbon atoms. We 
can also measure how many hydrogen atoms are present in each of 
these environments. 


Nuclei are characterised by nuclear spin quantum numbers, I, 


Which have the values 1/2, 1, 3/2. . . expressed in units of i . Fora 
given nucleus with spin number J, there are 2/+1 orientations pos- 
sible in a magnetic field. It has been found that the nuclei with even 
atomic numbers and.even mass numbers have zero nuclear spins. 
Such nuclei do not exhibit nuclear magnetic resonance. For the 
nuclei with even states 7—1/2, there are two possible orientations, 
(2(1/2)+1]. The common examples of such nuclei are !H, 15N, 9F 
and ?!P. However very frequently we consider the hydrogen 
nuclei (!H). À 

The proton behaves like a spinning magnet and it precesses like a 
top around the axis ofan applied. magnetic field and can do so in 


two principal orientations, either aligned with the field. (low energy) 
or opposed to the field (high energy) as shown in Fig. 25.10, where 


Low energy 


^ 


Fig. 25.10 


Boisthe external magnetic fieio. The spinning frequency of the 
nucleus does not change, but the speed of precession does, The 
precessional frequency, v, is directly proportionalto the strength of 
the external fiéld Bo; that is 


ve Bo c 1025133) 


For example a proton when exposed to an external magnetic field 
of 1.4 T (=14,000 gauss) will precess £60 million times per second, 
so that v—60 MHz; in doing so it will take up one of two orienta- 
tions with respect to the axis of the external field—aligned or 
opposed. If a proton is precessing in the aligned orientation, it can 
absorb energy and pass into the opposed orientation; subsequently it 
can lose this extra energy and relax back into the aligned position. 
If we irradiate the precessing nuclei with a beam of radio-frequency 
energy of the correct frequency, the low-energy nuclei may absorb. 
this energy and move to a higher energy state. The ;precessing 
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proton will only absorb energy from the radio-frequency source if 
the precessing frequency is the same as the frequency of the radio- 
frequency beam; when this occurs, the nucleus and the radio- 
frequency beam are said to be in resonance; hence the term nuclear 
magnetic resonance (n m r). In an applied magnetic field, magnetic 
nuclei like the proton precess at a frequency v, which is proportional 
to;the strength of the applied field. The exact frequency is given by 


v=pBvBo/Al <.. (25.34) 
where Bo-strength of the applied external field 
h=planck’s constant 
u.—magnetic moment of the particular nucleus 
I-spin quantum number 
By —nuclear magneton constant. 


‘Chemical Shift 


The field at a nucleus due to the field of the magnet is modified 
by the induced diamagnetic electronic currents. These set up a 
secondary magnetic field. Let Ho be the magnetic field in the bulk 
ofthespecimen and H be the field actually experienced by the 
nuclei. The H is related to Ho by the relation 

H=Ho(1—o’) 4392555) 
where o” is the screening constant which depends on the envircn- 
ment of the nuclei, The displacement of resonance caused by the 
additional field at the nucleus is proportional to the Strength of 
the applied field and is. called the chemical shift. In fact, chemical 
shift isa measure of the difference between the o’ values for 


different chemical positions. The shielding constant o may be 
defined as 


SSF H—H,j 
o=0'X S ee x 106 + + « (25.36) 


gives resonance at the same frequency. ‘Chemical shifts 8 are 
given-as 


H—H;, 
Beta e Let x 106 ++» (25.37) 
re 


With protons a very convenient reference compound i 

k S, tetra- 

Li silane (TMS) and the quantity 7—10— 8 has ben Toten 
‘so tha : 


=10— A (MesSi) x 106 

* (ppm)--10 Oscillator frequency (c/s) ~~ + (25.38) 
where A is the displacement in frequenc 
Tesonance and the MesSi resonance. On thi 


y between the sample 
s scale, t is positive for 


l 
i 
t 
1 
$ 
1 


-ting ‘of the nuclear energy 
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all but very acidic protons. This scale is most widely used for work 
With protons and is measured in parts per million (ppm). 


Experimental Arrangement 


The experimental method for the determination of nuclear magne- 
tic resonanc» was developed independently by F.M. Purcell and 


Bloch in 1946. A simplified Testtubs 
diagram of a nuclear magne- with sample 
tic resonance spectrometer 


is shown in Fig. 25.11. A Receiver Transmitter 
magnetic. field H varying 
from 0 to 10.000 gauss is 
applied and this field pro- 


duces an equidistant split- 


levels, Transitions between 
the energy levels are stimu- 
lated by radiation from. the 
radio frequency transmitter 
which sends out electro- 
magnetic radiation from the 
transmitter coil. The sample 
will absorb the radiation if 
the frequency of the oscillat- 
ing field satisfies equation 
(25.31). The transitions are 
detected in the indicator. 
Usually, a cathode ray oscil- 4 
lograph is used as indicator. Fig. 25.11. Schematic representation of 
The resonance condition an NMR spectrometer, 
is achieved by superimposing 
a small variable magnetic field. The NMR spectra of ethyl alcohol 


Indicator 


.isshown in Fig. 25.12. The low resolution (Fig. 25.12a) shows 


three absorption peaks in an area ratio 1:2:3, corresponding to 
—OH, —CH2 and —CH; respectively. Each of these peaks -also 
has.a fine structure as shown in Fig. 25.12(b). The three peaks arise 
because different protons in the molecule have slightly different 
magnetic environments. As a result of this, hydrogen atom interacts 
differently with the applied magnetic field. Further the elecirons 
surrounding a nucleus are acted upon by the external field to pro- 
duce an induced diamagnetism which shields the nucleus, 

The shielding effect is very useful in the determination of 
molecular structure. It is expressed in terms of chemical shift à 
defined as, 
$- Tlsampte—Hreference x 106 

'Hrijsrente 
where Hisampie) and Hireserence) are the field strengths at which the 
sample and the reference substance, respectively, are in resonance 
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for a given frequency v. The chemical shift is measured in parts per 
million (ppm.). The reference substance which is commonly employ- 
ed is tetra methyl silane (TMS). 


e 
2 
a 
E 
< 

(a) 

OH 

è CH; 
E 
2 CH; 
i 
< 

H— 
(b) 


Fig. 25.12. NMR spectra of ethyl alcohol. 
(a) low resolution; (5) high resolution 


The NMR spectrum ofa substance is a portrayal of the chemical 
environment of the various hydrogen atoms of the material. An 
analysis of a NMR spectra of a given compound provides a means 
of investigating the finer details of the structure of the molecules. 


25.10. ELECTRON SPIN RESONANCE SPECTROSCOPY 
(E.S.R.) 


We have seen in the last section that the hydrogen !H nucleus has 
spin and therefore a magnetic moment. The electron with its spin, 
is paramagnetic and also possesses a magnetic moment. Like the 
proton, the electron will also precess in an applied magnetic field 
with a precise precessional frequency and will undergo transitions 
between spin states (spin orientations) if energy of the correct 
frequency is applied. In ESR we measure the electron spin transi- 
tions. The magnetic moment of an unpaired electron is about 700. 
times that of the proton, so that the sensitivity of e.s.r. detection is 


much higher than in n.m.r. The e.s.r. spectra can be recorded for - 


radical concentrations as low as 1074 mol dm'^3, irrespective of the 
number of non-radical species present. The e.s.r. can only detect 
species having unpaired electron spin, for example organic free 
radicals. In e.s.r.the position of the resonance signal has to be 
specified as a function of both field strength and frequency; just as 
in n.m.r. The resonance positions are expressed as a g value. The 
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energy of the e.s.r. transitions is given by 
h 


REC 
Antes — 
where Bo is the external magnetic field, me is the electron mass, e is 
the electronic charge and c the speed of light; g is a proportionality 
constant and has the value 2.002319 for an unbound electron. 
When an unpaired electron is present in an organic substrate, 
magnetic interaction will shift g from this value. The g values for 
some common organic radicals are shown below. 


E=hy=gBo ... (25.39) 


CH,— CH;—CH— 
— — o. 
2.00255 2.00220 Pear 
Gas CH;-CH-CH,— 
2.00260 2.00254 
2.0155. 
PROBLEMS 


1. Explain the term parachor and discuss its utility in the elucidation of 
structure of molecules. 


2. The refractive index n of carbon tetrachloride is 1.4573, the density at. 
20°C, is 1.595g cm? and the molecular weight is 153.84. Calculate the molar- 
refraction. 

Ans. 26.51 cm? mol-® 


3. In the ground state of the *H*°Cl molecule, the equilibrium internuclear 
distance R, is 1.2746 À. Whatis the position of the centre of gravity? 

Ans. On the HCI axis, 0.0354 A away from the Cl nucleus; 

4. Calculate the rotational constant B for HB, molecule where the inter- 


nuclear distance is 1.2225À. 
Ans. 148, rotational constant B=12.02 cm-*, 
5. Calculate the parachor value for C;H,, given that the parachor- values for 
CH,Cl, CH, and HCI are 110, 73 and 71 respectively. 
Ans. 112 


* 6. The molar refractions for CHjI, CH;Br, HBr and CH, are 19.5, 14.5, 9.9 
add ci tope Calculate the molar refraction value for CHB. YEA 
ns. 27.2; 


7. Arrange in order of decreasing dipolemoment (group together compounds. 
having the same value)— Cla, SO,, CO,, H,O, O-dinitrobenzene, HI and CH,. 
x Ans. O-dinitrobenzene, H,O, HI (Cl, CO, CH4). 
8. Calculate the maximum number of vibrational degrees of freedom for. 
(a) hydrogen fluoride, 
(b) hydrogen cyanide, 
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(c) hydregen sulphide, 
(d) carbon tetrachloride. 
Ans. (a)1, (6) 4, (c0 3, (d)9. 
9, Acetaldyhyde forms a liquid polymer known as paraldehyde (C,H,O), on 
polymerization. Two structures have teen proposed for the compound: 
o 


ZN 
CaN CHCH, CH,CH(CH)CH,CH(OH)CH,CHO 
[un 


‘The experimental value of parachor for paraldehyde is 298.7. Which structure 
would you accept? 


10. What is a polar molecule? How is the permanent dipole moment deter- 
mined? Discuss various applications of dipole moments. 


11. How is the dipole moment of a polar molecule determined from the molar 
polarisation?. Outline the application of dipolemoment to the cetermination of 
molecular structure. 


12. What do you understand by (i) line spectra and (ji) band spectra? Describe 
the method used for the study of spectra of elements. 


13. What information can be. drawn regarding the structure of a molecule 
from study of its Rotational Spectra? 

14. Write short notes on 

(a) Molecular volume, 

(b) Raman Spectra, 

(c) Molar Refraction. 


15. Calculate the dipoie moments of ortho- meta- and para-chlorotoluene, 
The dipole moment of toluene is 0.37 D and of chlorobenzene 1.58 D, 


16. Differentiate between paramagnetic and diamagnetic substances. 


, 17. What is meant by Nuclear Magnetic Resonance. Describe a method for 
determining the nuclear magnetic resonance spectra of a molecule, 


,. 18, Sketch the expected nuclear magnetic resonance spectra for the protons 
in n-propyl, isopropyl, and tert-butyl alcohols. Indicate clearly the number of 
“components in each band. 


19. What do you understand by the term, Polarization of molecules? 
Differentiate clearly between the terms: induced polarization and orientation 
polarization. 


20. Explain with examples, the useful i i 
aeu AM ulness of physical methods in the study of 


Chapter 26 


POLYMERS 


26. 1 INTRODUCTION 


Polymers are one of the most important products, which find an 
important place in every walk of modern civilisation. The term 
polymer (Greek word: poly--meros, means, many parts) denotes a 
molecule produced by the repetition of some simpler unit, called the 
mer or the monomer. 


The term macromolecule (big molecule) is also often used to cover 
the large molecules of complex: structure. A naturally occurring 
macromolecule is insulin, a protein hormone, which occurs in the 
pancreas, and is best known agent to lower blood sugar in. diabetic 
patients. Ey has the repeating units with amide linkages, i.e. 
R * 


! ll 
(—CH—O—C—NH-—)n, where n=51 and R has sixteen variations. 
The science of macromolecules is divided between biological and non- 
biological materials, each having vital importance i» our daily life. 
Biological polymers, i.e., proteins, nucleic acids (DNA, RNA), starch, 
cellulose and enzymes are complex macro molecules form the 
very foundation of life and intelligence, and provide much of the 
food for the existence of man. This chapter however, is concerned ` © 
mainly with the chemistry of some polymers. These are primarily 
the syathetic materials used for plastics, fibres, and elastomers, and 
a few naturally occurring polymers, such as rubber, wool, and cellu- 
jose. The polymers are truly indispensable to mankind, as they are 
used to meet the basic needs—clothing, shelter, communication, 
and transportation, as well as to the conveniences of modern living. 


that of sytrene 1s called polystyre umb t 
in the chain is called the degree of polymerization (DP), and speci- 


fies the length of the s t 
the letter Fae P. The molecular weight of the polymer is the 


product of the molecular weight of 
polymerization, 185. 
M. pol.=n X Mu 
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or 


i S M (mol. wt. of polymer) 
lymerization)= —Poly 
a eeire of vorm ) Mu (mol. wt. of repeat unit) 


The degree of polymerization may vary over a wide range, i.e., from 
a few units to 10,000 and. even more. Polymers with high DP are 
called high polymers and are mostly useful for plastics, rubbers, 
or fibres etc., while those with low DP are known as oligomers. 


26.2. CLASSIFICATION OF POLYMERS 


A polymer may consist of monomers of identical or of different 
chemical structure If it has identical units then:it is known as 
homopolymer, whereas a polymer centaining several types of 
monomeric units in its chain is known as copolymer, or mixed poly- 
mer. In some cases the repetition is linear and a chain is built up 
from its links. However, in cases the chains are branched or inter- 
connected, to form the dimensional structures 


fiend 


A A-A-A-A- 
| he ds 
. wA-A-A-A-..., etc. .. -A-A-A-A-A-, etc. IT etc. 
| ele 
A AA A-A- 
| Ltd 
Linear polymer Branched polymer Three-dimensional 
polymer (cross- 
linked) 


Co-polymers may also be linear, branched or three-dimensional. 
The monomer residues, in co-polymer molecules may be arranged in 
the chain regularly or at random, according to the law of chance. 
Copolymers of the former group are called regular-copolymers and 
those of latter type, statistical or irregular-copolymers. 


Co-polymers with long sequence of two monomers can have two 
arrangements of chains: (i) linear copolymer in which the units of 
each type form fairly long continuous sequences (blocks) is known 
as block copolymer (see on next page). ! 


(ii) Branched copolymer, with monomer of one kind fi 

i , ted 
intoa “backbone” ofthe second monomer t i a 
copolymer (see on next page). “epee alin pala 


According to the structure of main chain, all i 
: [ i ,all polymers are classi- 
fied into homochain and heterochain polymers. Homochain poly- 
mers contain the chains composed of atoms of the same elements 
e.g , carbon, sulphur phosphorus, etc. (see on next page). E 


— Án ——]P—Ó 
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In heterochain polymers the main chain is made up of atoms of 
different species, e.g., 


—A-A-A-A—B—B—8—B—A--A— A-A—B-B etc. 


Block polymer 


—A-A-A—A-A-A—A-A-A—, etc 
| | | Graft polymer 
B B B 
| | | 
8 B B 
| | | 
KR Sd : Carbon-chaia 
—C --C.—C —C —C -- etc. polymer 


IST [o SL 
— —€—C—0—C—C—0—C—C—O- ., etc 


ESA EE T 
Heterochain polymer 


On the basis of chemical composition, the polymers can also be 
classified as: 


(a) Organic polymers, Organic polymers include compounds 
containing carbon, hydrogen, oxygen. nitrogen, sulphur, and halogen 
atoms. Oxygen, nitrogen, or sulphur may also be present in the 


backbone chain. 


(b) Elemento-organic (hetero-organic) polymers. These 
include the following classes: 


(i) Compounds containing carbon atoms and hetero atoms (except 
for nitrogen, sulphur and oxygen atoms) in their chains. 


(ii) Compounds with inorganic chains if they contain side groups 
with carbon atoms connected directly to the chain, 


(iii) Compounds having carbon atoms in the main chain and 
hetero-atoms (except for nitrogen, sulphur, oxygen and halogen 
atoms) in side groups connected directly to the carbon atoms 
of the chain. For.example, polysiloxanes, polytitanoxanes etc. 

(c) Inorganic polymers. They include polymers containing 
no carbon atoms. Their chains are composed of different atoms 
joined by chemical bonds, while weaker intermolecular forces act 
between their chains. Polysilanes, polygermanes, polysilicic acid, 
polyphosphates, polyarsenates, etc. are examples of inorganic 


polymers. 
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26.3. POLYMERIZATION PROCESSES 


The processes of polymerization were classified by the W.H. Caro- 
thers (1929) into two groups, i.e., Condensation and Addition poly- 
merizations. In 1953, Flory amended, Carother’s original distinction 
between addition and condensation polymerization. He laid special 
emphasis on the mechanisms by which the two tyres of polymeriza- 
tion, proceed. It was observed that condensation polymerization 
was preceded by the stepwise intermolecular condensaticn of 
reactive groups and the addition polymerization resulted from chain 
reactions involving some sort of active centres. Thus the two 
classes of polymerization are: 


(1) Condensation Polymerization 


' This is entirely analogous to condensation in low molecular- 
weight compounds. For the formation of condensation polymer 
there is union between two polyfunctional molecules to produce the 
large polyfunctional molecule. The process involves the elimination 
ofa small molecule such as water, ammonia etc. The reaction 
continues until almost all of one of the reagents is used up. Since 
there is an equilibrium between reactants and products, the rate of 
conversion can be controlled by the rate of removal of one of the 
products. A good example is, esterification, where water is eliminat- 
ed between an acid and an alcohol. o 


IL Ht Il 
(n+1) HO-CH2(CH2)sC—OH > HO— CH2(CH2)s—C—O—H+nH,0 
Ht Polyester n+l 


Here, the rate of conversion can be controlled by the rate of removal 
of water. 


(2) Addition or Chain-reaction Polymerization 


This type of polymerization involves chain reactions. The 
chain carrier in such reactions, may be an ion or a reactive 
substance with one unpaired electron called a free radical. Chain 
polymerization is characteristic of compounds with multiple bonds, 
e.g., _ ethylene CH2=CH2, isobutylene (CH3)2 = CH2, and vinyl 
chloride CH2=CHCl, or of unstable rings containing hetero- 
atoms, e.g., ethylene oxide CH,—CH2. Depending upon the active 


center, which may be a free radical or an ion, the reaction is one 
of radical or ionic polymerization, respectively. A free radical is 
produced by the decomposition of an initiator. The free radical then 
attacks to open the double bond of a vinyl monomer or ring of a. 
cyclic compound and adds to it, with an electron remaining unpair- 
ed. Within a very short span of time (usually a few seconds or less) 


POLYMERS 3 127 


many more monomers add successively to form a long chain with : 
active centres. Finally, chain termination results from saturation of 
the macro radical and may occur by the combination of free radicals,. 
disproportionation of chain transfer. 


With few exceptions, chain-reaction polymerization results inthe 
formation of homochain polymers, where as step-reaction polymeri- 
zation produces heterochain polymers. Polymerizations are classifi- 
ed without regard to loss of a small molecule (e.g., polyurethanes. 
are formed by step-reaction polymerization or type of interunit 
linkage (eg., phenol-formaldehyde resins result from  stepwise: 
polymerization even though they-lack interunit functional groups). 
In case the differentiation is required on the basis of mechanism, 
the terms step-reaction and chain-reaction are used; but to avoid 
confusion the common terms condensation and addition are permis- 
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The rections by which complex macromolecules are formed are not 
completely understood. The process of building up polymers from 
simple repeating units (monomers) can proceed with many varia- 
tions, As noted earlier, on the basis of mechanisms the two types 
of polymers are formed. Condensation polymers are usually formed 
by the step-wise intermolecular condensation of the reactive groups, 
addition polymers ordinarily result from chain reactions involving 
some sort of active centres? The chemistry of each type is discussed. 
in this section except those which are not yet confirmed in detail. 


(a) Step-wise Polymerization 

Most of the step-wise polymerizations are, stoichiometrically,. 
condensation polymerizations. A monomer can be converted into: 
polymer by any reaction that creates new bonds. Carother’s defined 
this number of new-bonds as the functionality of a monomer in a 
given reaction. As the number of bonds formed depends upon the 
number of reactive functional groups. The functionality of a mono- 
mer can also be defined as the average number of reactive functional 
groups per molecule. In a condensation reaction the type of the pro- 
duct formed is determined by the functionality of the monomer. It 
should be obvious that a monofunctional monomer gives only a 
low-molecular-weight product. A functionality two can lead to linear 
structure. Polyfunctional monomers, with more than two functional 
groups per molecule, give branchéd or cross-linked (three-dimen- 
sional) polymers. The linear and the three dimensional polymer 


differ widely in their properties. 


The most important reaction which has been used for the prepara- 
tion of condensation polymers is that of addition and elimination 
at the carbonyl double bond of carboxylic acids and their deriva- 
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sives, The generalized reaction is 


(Nucleophile) Metastable intermediate 


where R may be alkyl or aryl group, X ray be-OH, OR’, NH», 
j (0) 


[| 

NHR, O—C-—R, or Cl; and Y may be R’O”, R'OH, R'NH» or 
R'COO-. The meta-stable intermediate can either return to the 
original state by eliminating Y or proceed to the final state by 
eliminating X. The formation of polymers, polyamides, nylon—66, 
poly (ethylene terephathalate), polyurethanes, polyureas, polysul- 
phonamides, polyphenyl esters, etc. provides some typical examples 
^f this reaction. i 


In simple terms, it can be stated that stepwise polymerization, 
is the combination of several molecules by stepwise addition of 
monomer molecules to one another as a result af migration of some 
mobile atom, usually a hydrogen atom, from one molecule to 
another. To illustrate the formation of polyurethanes from di-isocya- 
nates and dihydric alcohols: E 


ESTER) ll 
| Qe Ce N-R— Ne Ce. H—0—R'—0—H-30- Ce N-R—NH—C—0—R' 


OH 


Qe C N—R-NH—C—0—8R'—OH +0 a CSN—R—N-C-0— 


PERTEN leo —R—NeCsQ 


UOS ae MEE 


° 
| M 
Oe Ce N—R—NH—C—0—N—0— 4 NH RM =C=0 SUP Na, [TN 
4 o 
Il 
‘O= Ce N-R-NH —C-0—R -0—C—NH—R-NH—.—0- R'—OH, etc . 


(A linear polymer) E 


“A trihydric alcohol will give a cross linked polymer. 


i 
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(b) Chain Polymerization 
Chain polymerization is characteristic of unsaturated monomers. 
Ethenic polymerization is an economically important class whose 
kinetics typify chain polymerization. The terms ‘vinyl’, ‘olefin’, or 
‘addition’ polymerization are often used, although they are more 
restrictive. Flory showed conclusively that chain polymerization 
proceeds by and requires the steps of initeraction, propagation, and 
termination typical of chain reactions in low-molecular-weight 
species. The three stages which are essential to the formation of a 
useful high polymer can be represented as: 
(i) Initiation, This involves the creation of an ‘active’ centre, 
and can also be termed as activation of the monomer molecule, i.e., 
M > M* 
(Excited monomer molecule) 
or 
: active centre 
(ii) Propagation. Propagation is the addition of more monomer 
to chain end-usually very rapid (mol. wt. 10? in one-tenth of a 
second) to final molecular weight. This is shown below: 
M++M => M* 
Mi*T M My 
M2*+-M > M;* 


M*,1+M > M,* (Activated growing poly- 
mer molecule) 


(iii) Termination. In this step there is disappearance of the 
*active' centre 
M,* > M, (unactivated polymer molecule) 
erization reactions may be a free 


The active centre in chain polym ay b 
is one of radical. or ionic poly- 


radical or an ion, and the reaction 
merization, respectively. 


(c) Radical Polymerization 

'The intermediates having an odd number of electrons (an unpaired 
electron) are known às free radicals. They can be generated in a 
number of ways, including thermal decomposition of peroxides on 
hydroperoxides; photolytic decomposition of covalently bonded 
compounds; dissociation of covalent bonds by high-energy radiation 
(a—, 8—, or y-rays); oxidation reduction reactions; and electro- 
chemical interaction. The stability of the free radicals varies 
widely. Tertiary radicals are more stable and less reactive than 
secondary radicals, which are in turn more stable and less reactive 
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than the primary ones. The benzyl radical is less reactive than 
phenyl radical, the allyl is quite stable and is quite unreactive. 


(i) Initiation, Once the primary free radicals (free radicals 
produced in the first stage) are produced by physical or chemical 
effects in the presence of a vinyl mozomer (CH2=CHX), the radi- 
cal adds to the ethylenic double bond of an unexcited monomer 
molecule with the regeneration of another radical. If the radical 


formed by decomposition of the initiator I is designated R, 


decomposition 4 - 
——- 2R (Primary free radical) 


CH;-2CHX--R ————— RCH;CH—X (Chain radical) 


The regeneration of the new free radical is characteristic of chain 
reactions as this is capable of further interaction with the initial 
monomers. The efficiency with which radicals initiate can be esti- 
mated by comparing the amount of initiator decomposed with the 
number of polymer chains formed. Most initiator in vinyl polymeri- 
zations have 60-100% efficiency. The low efficiency is mainly due to 
the recombination of the radical pairs before they move apart, this. 
is known as cage-effect. 


(ii) Propagation. The chain radical formed in the initiation 
step is capable of adding sucessive monomers to from macroradicals. 
The chain propagation reaction determines the rate of the polymeri- 
zation, the molecular mass of polymer, the structure of the polymer 
chain, i.e,, the mode of monomer addition (‘head-to-head’ or head- 
to-tail)*, the degree of branching etc. 


a ae een na euh, ete) (I) 
X 
: e ee ... etc. (I) 
KAX X X 


Addition according to the former scheme is called head-to-tail', 
configuration in which the substituents occur on alternate carbon, 
atoms, and that according to the latter scheme. *head-to-head' or 
‘tail-to-tail’. In most polymerizations, monomers combine according 
to most favoured (steric factors) head-to-tail scheme). 


The propagation step is given by the following reaction: 
R(CH;—CHX), CH;—CH—X--CH;4 CHX 
R(CH;—CHX), ,,CH;—CHX 


macro radical 


*(In a polymerization proc ss repeating units may combi. i 
i ne 
scheme I or scheme II:) dem aie 


POLYMERS 731 


(iii) Termination. Propagation would continue until the supply 
of monomer is exhaused. The radicals also have the strong tendency 
to react in pairs to form a paired-election covalent bond causing 
thereby loss of activity. In free radical polymerization, this tendency 
is compensated by the small concentration of radical species com- 
pared to monomers. Chain termination results from saturation 
(deactivation) of the macroradical and may occur in two ways: 


(1) Combination or coupling. Combination consists in the neutral 
saturation of two macroradicals or ofa macroradical and a low- 
molecular free radical: 


" H HH 
sl pw 
—CH,—C + C-CH—.. > CH es C. CH;-— 
i | 


x 
macro radicals macro molecule. 
(2) Disproportionation. This involves the transfer of a hydro- 
gen atom from one macroradical to another to form two macromole- 
cules with one saturated and one unsaturated end group. 


H H H H 


| | | | 
MODO eee Er cnt 
| 


X X X X 
saturated end unsaturated 
group end- RUD 


Chemical substances capable of reacting with free radicals to 
terminate the reaction chain are called polymerization inhibitors, for 
example—hydroquinone and trinitrobenzene. Chemical compounds 
which are only chain transfer agents and do not affect the rate of 
polymerization but determine the molecular mass or polymer, are 
termed as polymerization regulators, or modifiers. 


(d) Ionic Polymerization 


Chain reaction polymerization can occur by several mechanisms. 
other than those involving free radicals as discussed earlier. The 
most important among these, are the reactions in which the chain 
carriers are carbonium ions (cationic polymerization) or carbanions. 
(anionic polymerization). Tonic polymerization proceeds in the 
presence of catalysts and is also called catalytic polymerisation. The 
reactivity of the ethenic monomers to polymerization by radicals, 
ions and complexing agents varies with the structure in a manner 
which can be correlated though not always quantitatively predicted. 
Tt can be seen that, for the vinyl monomer (CH; —- CH—X), cationic: 
initiation is favoured when X is electron-releasing and anionic when 
X is electron-withdrawing. This is because monomers with elec- 
tron releasing groups attached to the double-bonded carbons are 
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«capable of forming stable carbonium ions, where as monomers with 
electron-with-drawing substituents form stabie carbanions. Ionic 
polymerizations tend to be very rapid even at low temperatures. The 
polymerization of isobutylene with AICI; or BF3 is carried out 
commercially at —100°C and an estimate of the life-time of a 
growing chain of isobutylene in this case is about 10-5 sec., much 
shorter than the usual life time of a free-radical chain. 


(1) Cationic, or carbonium polymerization. This involves 
the formation of a carbonium ion which is a polar compound with 
+ 


tricovalent carbon atom carrying a positive charge, R-CH—R. 
Typical catalysts for cationic polymerization are com pounds with 
‘pronounced alectron acceptor properties (Lewis acids), e.g., AlCls, 
AlBrs, SnCl, BFs, HoSO4 and other strong acids. The cationic 
polymerization, involves the carbonium ion as the chain carrier. 
‘Carbonium ion interacts with a monomer molecule, the reaction of 
. chain growth being accompanied with the communication of positive 
charge along the chain. Consequently, the growing chain itself is a 
cation with a molecular mass increasing in the course of polymeri- 
zation. For example, the polymerization of isobutylene in the 
presence of boron trifluoride catalyst can be represented as: 
BF;4-H;0 = H+ (BF3OH)- (1) 
catalyst-cocatalyst 
complex 
The catalyst-cocatalyst complex formed in step (1) donates a proton 
to an isobutylene molecule to give carbonium ion. 
H-F(CH3;C =CH2 ——> (CH3)3C 
(from carbonium 
complex) ion 
(2) Anionic, or carbanion polymerization. Anionic polymeri- 
zation involves the formation of a carbanion, a compound with a 
trivalent carbon atom carrying a negative charge. 


+ 
(CHs)sC-+ (CH;)C=CH; —> (CHs)C — CH;—C(CH3) 
(CH3)C— CH2—C"(CH3)2--(CH3);C — CH? —— 
Joi (CH3)3—C—CH2C(CH3)2z—CH2—C*(CH3)2 
us there is reformation of a carbonium ion at the end of 
by the ‘head-to-tail’ addition of monomer to ion. SER qd 
Chain termination apparently occurs as a result of the 
Pu t 
collision of the ends. of growing ion to yield a polymer iwi 
with terminal unsaturation and the original complex, 


CH3[(CHs)2C(CH2)]X p 3)2+(BF30H)- 


Y 
CH3[(CH3)C(CH2)]X C(CH3)=CH>-++ H+(BF E 
1 Polymer ? E RETA A en 
"The third component present in low concen: 


W co tration which usuall 
pronounced effects. on polymerization is called MODE de 
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efficiency of the catalyst is dependent on the acid strength of the 
catalyst-co-catalyst complex. In cationic polymerization, the catalyst 
is not in the macromolecule. 


(3) Anionic, or carbanion polymerization. Anionic polymeri- 
zation involves the formation ofa carbanion, a compound with a 
trivalent carbon atom carrying a negative charge. Catalyst for 
carbanion polymerization include, alkali metals, alkali metal amides, 
alkoxides, alkyls, aryls, hydroxides, and cyanides. They are electron 
releasing groups. Polymerization occur by the carbanion mechanism 
inthe case of monomers containing electronegative substituents at 
one of the carbon atoms connected by a double bond. The initiation 
of ionic chains involves the addition of a negative ion to the mono- 
mers, with the opening of a ring or bond and growth at one end: 


NH;4-4-CH;—CHX —-» Ho2N—CH;CHX- 
CH30--+-CH2—CH2 —> CH30CH2—CH207 
i RA 


The more basic the ion (anion), the better it serves to initiate chains. 
Thus CsHsCH2- is powerful initiator than NH;* which is stronger 
than OH- in the anioni¢ polymerization of styrene. 


The chain growth reaction is always accompanied with a transfer 
ofa negative charge along the. chain, consequently, the growing 
chain is always an anion of growing size. 

Chain termination occurs as a result of the collision of a growing 
ion with a molecule of the medium such as an ammonia molecule: 


HAN(CH;— CH)CH,-CHX-- NH; — i 
n'a - 
HaN—(CHo— CH) -CHa— CH; X--NHa- 
& n 


rowing chain contains the —NH», group. The termi- 
lways unimolecular and usually by transfer. 

n, the end group of a growing molecule, 
possesses high activity and great stability. Hence the polymers 
obtained by anionic polymerization method retain active centres at 
the end of the chain, which are capable of initiating the polymeri- 
zation of monomers. Such polymers are called living polymers. The 
polymer can be “killed? by addition of a terminating agent, like 
water at the end of the reaction. Anionic polymerization has great 
advantages, since spontaneous chain termination does not occur. 


. EFFECTS OF VARIOUS FACTORS ON POLYMERI- 
D ZATION RATE EFFECT OF TEMPERATURE 


Thus energy 8 
nation step is a unin 
In anionic polymerizatio 


The rate of radical polymerization reaction usually increases with 


rising temperature. The variation in temperature also effects the 
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structure of the resulting products. To illustrate—the rise in tem- 
perature during the polymerization of butadiene causes ring dimer 
to form instead of chain molecules. That is why butadiene is always 
polymerized below 60°C. The size and structure of the polymer 
chain depend upon the temperature. It has been established that 
low temperature favours formation of higher molecular mass 
polymer in most of the cases. : 3 

Raising the temperature increases the degree of branching of 
polymer. 


Effect of Pressure 


Pressure changes have also marked effect on the rate of polymeri- 
zation. If pressure is increased this would result in increase in the 
number of collisions between the active centres and the monomers. 
‘Hence, the rate of polymerization will considerably be increased. 
Further, the increase in pressure enables a lower temperature of 
polymerization and hence the production of polymers with higher 
molecular masses. For example, butadiene polymerization takes 45 
hours at 7000 atm and 48°C, and only 19 hours at the same pressure 
and 61°C, but at 1 atm it takes hundred of days. 

Effect of Catalyst 

Catalyst plays a vital role in the chain polymerization. Ionic 
polymerizations always require a catalyst. In the presence of cata- 
lyst, the polymerization can be affected at low pressure. The use 
cof elevated pressure for polymerization should always be considered 
in conjunction with the choice of a catalyst. To illustrate polyethane, 
which could be produced formerly only at a pressure of 1000-2000 
atm (high pressure polyethene), can now be obtained by the Ziegler 
method involving the use of triethyl aluminium and titanium chlo- 
rides as catalysts at a low pressure (low-pressure polyethene). 


26.6. MOLECULAR WEIGHTS OF POLYMERS 


Since polymerisation reactions, both synthetic and natural, can lead 
to high molecular weight compounds. The reaction chain is however 
broken by some termination process that usually, occurs in a random 
manner with respect to the size, to which the polymer, has already 
grown. It follows, therefore, that polymers possess a range of mole- 
cular weights and that any data for the size or weight of the mole- 
cules of a polymer must represent some sort of average value. The 
molecular weights of polymers lend themselves to two types of 


averages, i.e., (i) number average molecular weight: ii i 
average molecular weights. Ca 


Number average molecular weight. It is defined as the weigh 
:sample divided by the total number of moles n in the ^oc 


Miss weight 
n 
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If a method of molecular weight determination leads to the number 
of particles, or molecules, that are present, in a given weight of a 
sample, will give the number average molecular weight. Let us con- 
‘sider a polymer as made vp of fractions consisting of m moles of 
molecular weight Mi', nz moles of molecular weight M» and so on, 
then Mn the number average molecular weight is given by the 
expression: 


_ mMi+mMo+.....: 
fer nin... - + e (26.1) 
Xe 
eee <<. (26.2) 


On the other hand if in an experiment each particle makes a contri- 
bution to the measured result according to its molecular weight. we 
get weight average molecular weight of the polymer, My, which is 


. defined as, 
Xo: 


M,— à ... (26.3) 


S 


1 

Molecular weight ofa polymer can be determined by relative or 
absolute methods. Many properties of polymers which depend upon 
molecular weight, such as—solubility, elasticity, adsorption on solids, 
and their tear strength, can be corrected with an average molecular 
weight. Once correlated, the property can be used as a measure of 
molecular weight. The weight determination can be done by chemi- 
cal or physical methods of functional group analysis, by measure- 
ment of the colligative properties, light scattering, or ultra: centri- 
fugation, or by measurement of dilute solution viscosity. In all these 
methods, except the last, molecular weights can be calculated with- 
out reference to calibration by another method and, therefore, are 
absolute methods. Dilute solution viscosity is not a direct measure 
of molecular weight. All molecular weight. methods, except a few 
end group analysis methods, require solubility of the polymer, and 
all involve extrapolation to infinite dilution or operation ina solvent 
in which ideal solution behaviour is attained. Some important 
methods used in practice for determining the molecular weight and 
size of macromolecules in dilute solutions are discussed below. 


26.7, METHODS OF DETERMINING MOLECULAR WEIGHT 


Some of the important methods employed for the determination of 


736 A TEXTBOOK OF INORGANIC CHEMISTRY 
molecular weights of polymers are : 


(1) Osmometry 

Osmometry can be used for determining molecular masses from 
104 to 106. This is one of the most accurate methods, though due 
to its lengthy and tedious experimental procedure it cannot be fre- 
quently used for fast molecular weight determination. The method, 
involves the measurement of the osmotic pressure of solutions at 
several concentrations. The instrument used for the determination of 
molecular-weights by this method is called osmometer. In an osmo- 
meter, the solvent is separated from the solution by a semipermeable 
membrane. It then passes through the latter into the solution, until 
the level of the solution in the capillary stops rising. The osmotic 
pressure, at this stage, is equal to the weight of the hydrostatic 
column of the solution. 


The capillary forces also raise the liquid in the capillary to some 
extent, to account for these forces a capillary having radius equal 
to that of osmometer capillary, is immersed in the liquid. This 
capillary is known as control capillary. The difference in the level 
of osmometer capillary and control capillary is the measure of 
osmotic pressure. The two more commonly used methods are: | 


(a) Static method, This method involves the measurement of 
the equilibrium difference of levels in the osmometer. The osmo- 
meter for this method are very simple in design, but equilibrium in 
such an osmometer is reached after a long time. The concentration 
of the solution near the membrane may increase as a result of 
absorption of polymer, at equilibrium. This shortcoming can be 
eliminated by proper production and storage of membranes. For 
cross linking polymers this method is usually not recommended, 


- (b) Dynamic method, This method consists of measuring the 
rate of penetration of solvent through the membrane, depending 
upon the pressure applied. The main advantage of this method is 
that at measurements take very less time as compared to the static 
method. 


_ Choice of membrane. A choice of suitable membrane plays an 
inportant role in osmometric measurements. The membrane should 
be permeable to the solvent and impermeable to the. polymeric 
solute. It should satisfy the following two conditions: 


(a) The membrane should not swell to any great extent in the 
solvent. 


(b) It should have sufficiently fine pores to allow the solvent 
molecules to pass through freely. 


- These days membranes are prepared from cellophane and speciall 

treated films of denitrated cellulose nitrate. The untreated ookan 
membranes have small pore radius and subsequently. take long time 
to reach equilibrium. To increase the pore size, the cellophane is 


P 24 


. 
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treated with ammonia solution or other reagents. For this reason 
only cellophane is generally used for measuring molecular weights 
of very low-molecular polymers. Denitrated cellulose nitrate mem- 
branes give better and much more satisfactory results. 


The polymer is first throughly freed from impurities by reprecipita- 
tion before determining the molecular-weight. A stock solution, 
usually 1 per cent is prepared from a purified polymer. From the 
stock solution, working solutions of various concentrations, varying 
from 0.075 per cent to 0.5 per cent are prepared by dilution. One 
fifth of the one per cent solution is left undiluted for exact deter- 
mination of its concentration. In order to measure the osmotic 
pressure, a polymer solution and pure solvent are placed on the 
opposite sides of a semipermeable membrane. The membrane is so 
selected as to permit only solvent and not the polymér. To establish 
equilibrium, the pressure on the solution side must be greater. The 
osmotic pressure, can be measured at several concentrations either 
by waiting for equilibrium or by measuring and compensating for 
pressures automatically. 


To calculate molecular weight of a polymer the osmotic pressure 
values obtained for the different solutions are divided by the corres- 
ponding concentrations and the resulting reduced osmotic pressures. 
are plotted in n/C, versus C. The straight line obtained in this way 
is extrapolated to zero concentration as shown in Fig. 26.1. The 
resulting values A (intercept with the ordinate axis) is substituted im 
the equation given below and molecular weight is calculated. 


C, Conc? ———»> 


FIG. 26.1. Variation of reduced osmotic pressure with 
concentration. 


n 3 
( Gi Jose AT 2. (26.4) 
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RT 


nm 122615). 


where, n—osmotic pressure (g/cm 2)— Ae 
h=difference in liquid levels at equilibrium, cm. 
e=density of solvent, g/cm?. 
C=concentration, g/cm?. 
T=absolute temperature, °K. 
M=molecular-weight, g/mole. 
R=gas constant, 8.48 x 104 g-cm/(mole)(*K ). 


or Mz 


(2) Viscometry 
The first person to draw attention to the usefulness of solution 
_ viscosity as a measure of polymer molecular weight was Staudinger, . 
who established the following relationship: 


Nsp=KMC we 26:6) 


where, sp=specific viscosity of polymer solution, 
K-—constant, 
M —molecular weight of a dissolved polymer. 
C- concentration of a polymer in solution. 


However, the above relation suffers with two serious drawbacks, 

first, the coefficient K does not give a constant value, but it depends 
~ onthe molecular weight of a polymer and secondly, the equation 
represents the concentration dependence of specific viscosity incor- 
rectly. According to the above equation, the reduced viscosity (ratio 
of the specific viscosity to the concentration). 75|C, is independent 
of concentration. 


nsp C— KM. eee (26.7) 


But experimental data show that the nsp/C vs. C dependence is 
represented graphically by a straight line with a definite slope. 
Hence, it would be more accurate to relate molecular weight of a 
polymer to intrinsic viscosity (viscosity value that is independent of 
the solution concentration) and not to specific viscosity. Thus 
bis inean equation can be modified by the following empirical 
relation, . 


[n]- KM* -.. (26.8) 


where, [5] —intrinsic viscosity of a solution, K and a are the constants 
characterizing the given polymer-solvent system. 


_Intrinsic viscosity is determined from the relative viscosity of the 
dissolved polymer solutions. Then the specific and reduced viscosi- 
ties are calculated and a plot of »,,/C vs. C is made. The extrapola- 
tion of this line to zero concentration, gives the value of [n]. K and 
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a are calculated by plotting log [n] vs. log M, which represents a 
straight line having slope, a, and intercept log K. 
log [n]=log K+a log M. -.. (26.9) 
Hencc, K and a, can be determined graphically. Using the same 
solvent for which K and a, are determined, the viscosities can be 
calculated. 
Owing to the simplicity of the equipment used (viscometer), this 


method can be very conveniently used in the laboratory. 


(3) Light Scattering à 

Light scattering accounts for many natural phenomena including 
the colours of the sky, the rainbow, and of most white materials. 
A media may be transparent or turbid. The turbidity ofa medium 
is due to scattering of light, The scattering of light occurs whenever 
a beam of light encounters matter. Similarly, when a polymer. is 
dissolved in a solvent, the light scattered by the polymer far exceeds 
that scattered by the solvent, and is an absolute measure of mole- 
cular weight. : 

Debye gave a solution for the factor of internal interference P(0) . 
for the scattering particles of different shape. The Debye relation- 
ship is: 


HC 1 
^K MPG) 246 «+ (26.10) 


where H' is a lumped constant including geometric factors and also 
the change in refractive index with polymer concentration for the 
particular system being investigated. 6 is the angle at which the in- 
tensity of light is measured and Cis the concentration. 42, second 
virial coefficient and P(@) (function of molecular shape) are Cerived 
from data. The light intensity factor K is derived from the galvano- 
meter reading Jz. The geometry and the Scattering by solvent Jys is 


compensated by 


5 — 15)) sin 6 
PETE m (26.11) 
since at 6=0, P(8)—1, it is customary to extrapolate to v—0 as 


H'C 1 
wellas C—0. A plot of g % Cat coustant 0 and "MP ** 


un ive intercept 1/M..In Zimm plot, both can be done simul- 
a anas a net ibo is obtained. This method is more 
precise and makes it possible to calculate the values of molecular 
masses of polymers without assumption of the shape of macromole- 
cules in a solution. ; 

The presence of dust particles or gelled polymer particles cause a: 
major practical problem in light scattering. A small concentration 
of these, obscures the scattering by ordinary polymer particles and 
result in M,~=oco. The removal of dust can be done by ultra centri- 


fugation. 
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SI UNITS 


The abbreviation SI stands for Systeme International d'Unites, which 
is a system based on the metric system and approved by the inter- 
national authority cf units (CGPM). 


Temperature 


The kelvin is used to denote both the temperature on the thermo- 
dynamic scale and also a temperature interval. The value of the 
kelvin is fixed as the temperature of the triple point of water as 

. 273.16 K. The degree clesius (^C) is not an SI unit but is used for 
many temperature measurements. 


The Mole 


The mole is defined as the amount of substance that contains the 
pus CURE of elementary units as there are atoms in 0.012 kg of 
carbon-12, 


The table given below gives the names and symbols for the basic 
SI units. 


Physical quantity Name of SI unit Symbol of SI unit 
Mass E ‘kilogram $ kg 
Length - metre m 
Time second s 
Thermodynamic i 

Temperature kelvin ^. K 
Amount cf substance mole mole 
Electric current ampere A 
Luminous intensity candela cd 


a c 5. o uta ocu 
` Derived SI Units 


The SI units for physical quantities other than the basi 
+ . n H o 
derived by suitable combination of the basic units. For a the 


o (V 


APPENDIX I s ; 741 


SI unit of volume is cubic metre (m3). The litre is not an SI unit, 
but has been redefined as being equal to a cubic decimetre (dm3= 
10m3). The SI unit of pressure is newtons per square metre 

m2). The atmosphere or millimetres of mercury are related to 
SI units as follows: 


1 atm=760 mm Hg=101, 325 Nm 


The present trend is to use the SI units, but in this book we have ^ 
employed both the metric and SI units, 


Appendix II 


SI VALUES OF SOME FUNDAMENTAL 


CONTENTS 
Quantity Symbol Value 
Gas Constant RC 8.3143 JK! moli 
Avagadro'. Numbe: N 6.0222 10?" mo]: 
Ice-point temperature Tice 273.150 K 
Boltzmann constant k 1.3806 10-3] K-1 
Ae volume of ag os mag 0.022414 m* mo]: 
Faraday const- nt PIER. 9.6487 X 10*C molt 
Velocity of light Cc 2.99793 108 ms-1 
Planck constant h 6.6262 X10-% Js 
Atomic mass constant m, 1.66053x 1072" kg 
Bohr magneton BB 9.2741X 10-m2A 
Electron charge e 1.6022 1031 C 
Nuclear magneton By 5.0504 x 10? m? A 


GREEK ALPHABETS 


Appendix III 


Alpha 
Beta 
Gamma 
Delta 
Epsilon 
Theta 
Zeta 
Eta 
Tota 
Kappa 
Lambda 
Mu 

Nu 

Xi 

Pi 

Rho 
Phi 

Psi 
Omega 


Se ev ZEPmHCHNemLag, 
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ENERGY CONVERSION TABLE 


Appendix IV 


erg mole kcal mole eV 
1 erg molecule-t 1 144x101 6.24x 1011 
1 kcal mole 6.95» 10-14 1 4.34x107* 
lev 1.60X 10-18 23.1 jog 
lem 1.99x 10-18 2.86X107 — 124x10-« 


cem! 


5.04 x 101 
350 
8068 
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Index 


Absolute reaction rate theory, 498 
Absolute temperature, 7 3t 
Absorption, 707 _ 
Absorption of light, 684 
coefficients, 685 
Acids 412 
Bronsted Lowry theory of, 412 
Catalysis, 520 
Heat of neutralisation, 152 
Lewis theory of,.414 
Activated complex, 495 
Activation energy, 494 
Activity coefficient, 220 
and Debye-Huckel theory, 398 
and ionic strength, 513 
Adiabatic expansion of a gas, 136 
Adiabatic process, 133 
Adsorption, 550 
applications of, 556 
chemical, 552 
heat of, 550 
isotherms, 552 
of gases by solids, 550 
physical, 551 
types of, 551 
Alpha rays. 656 
Amagot's law of partial volume, 13 
Amalgam electrodes, 455 
Antibonding molecular orbitals, 621 
Arrhenius, S.A., 396 
equation, 396 SON 
theory of electrolytic dissociation, 
396 


Aston mass spectrograph, 672 
Atomic number, 567 
Atomic orbitals, 553 
Atomic spectra, 569 
Atomic structure, 561 
Atoms, 2 
Bohr theory, 572 
distribution of electrons, protons 
and neutgni, rg 
line spectra, 
matics aod significance of, 566 
nucleus charge, 569 
quantum theory, 594 
Rutherford’s theory, 567 
shells and subshells, 554 
wave nature of, 594 
Aufbau principle, 600 
Autocatalysis, 532 
Avogadro’s number, 2 


Azeotropes, 319 + 
Azimulthal quantum number, 597 


Balmer series, 570 
Band spectra, 570 
Bases, 389 
heat of neutralisation, 152 
Beattie-Bridgeman equation of State, 48 
Beer’s law. 685 
Benzoic acid distribution, 335 
Berkley-Hartley osmotic pressure 
apparatus, 366 
Berthelot equation, 48 
B-E-T equation, 520 
Beta rays, 656 
Bohr theory of hydrogen atom, 572 
of hydrogen spectra, 572 
Boiling point, 71 
of azeotropic mixtures, 309 
diagrams of binary miscible liquid 
mixture, 313 
elevation of solutions, 349 
C ia weight calculation from, 
5 


3: 
Boltzmann distribution law, 20, 39 
Bonding, 606 

and antibonding molecular 
orbitals, 621 
hybridisation, 641 
ydrogen, 
ionic, 607 
lattice energy, 609 
octet rule exceptions, 630 
quantum mechanics and, 652 
resonance, 651 
Born-Haber cycle, 91, 611 
Boyle's law, 5, 17 
Brackett series, 570 
Do method for X-ray analysis, 102, 


Bronsted-Lowry theory, 412 
Brawnian motion, 540 
Buffer solutions, 424 


Calomel electrode, 455 
Capillary rise method, 73 
Carbon, hybridisation of bonds, 643 
Carnot cycle, 169 
Catalysis, 520 
poisons, 531 
Cathode rays, 563 
Cells, electrochemical, 445 
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. Cells concentration, 458 
Chain reactions, 509 
Charle's law, 6 x 
Chemical equilibrium, 223 
Chemical potential, 214 
Chemiluminescence, 694 
Chlorine-hydrogen photochemical 
Teaction, 691 
Clapeyron equation, 211 
Clausius-Clapeyron, equation, 212 
Claude process, 62 : 
Colligative properties of solutions, 345 
Collision theory of feactions, 495 
bimolecular, 495 
unimoiecular, 502 
Colloids, 534 
dispersion, 535 
electro-osmosis, 542 
electrophoresis, 541 
emulsions, 545 
gels, 546 
protective, 544 
electrical properties, 541 
Optical properties, 540 
stability of, 544 
Combustion, heat, 158 
Common ion effect, 423 
Component, 239 
Compressibility factor, 41 
Concentration cells, 458 
Conductance, 381 
applications of, 389 
at infinite dilution, 390 
Concentration dependence of, 389 
degree of ionization, 390 
determination of, 387 
equivalent, 386 
Conductivity cells, 388 
‘onductometric titrations, 391 
Congruent melting point, 275 
Consecutive reactions, 507 
Continuity of States, 55 
Corresponding states, 58 
valent bond, 619 
Critical constants, 52, 54 
‘oscopic constant, 359 
Crystal analysis, 95 
Bragg method, 102, 104 
Laue method, 105 
Power method, 106 
Crystal planes, 95 
tallography, 95 
Crystals, structure of, 99 


Dalton's law of. partial pressure, 11, 19 
Broglie theory, 582 

Debye, 108 

heat capacity of solids, 108 

Huckel theory of interionic 

attraction, 399 

perae method of crystal analysis, 


INDEX 


Degrees of freedom, 31, 253 
Dialysis, 538 
Diffraction, 97 

powder method, 106 

X-ray method, 106 
Dilution conductance, 389 
Dilution law, 409 

ipole-moment, 701 

Displacement law, 660 
Distillation, 322 

immiscible liquids, 332 
Distribution law for solutes, 332 
Distribution of molecular velocities, 21 
Double layer, 542 


Ebullioscopic constant, 351 

Einstein, 108 
heat capacity of solids, 108 
law of photochemical equivalence, 
685 


Electrical properties of sols, 541 
Electrochemistry, 380 
Electrodes, 380 
amalgam, 455 
calomel, 455 
glass, 457 
hydrogen, 454 
oxidation-reduction, 455 
potentials, 453 
Electrodialysis, 538 
Electrolysis, 380 
Faraday’s laws of, 383 
Electrolytes, 380 
activity coefficients of strong, 396 
colligative properties of, 373 
Debye Huckel theory of 399 
antibonding, 621 
arrangement in atoms, 601 
Electro-osmosis, 542 
Electrophoretic effect, 541 
Electrovalent bond, 607 
Emulsions, 545 
Energy, 113 
of activation, 494 
Conservation law of, 120 
free, 199 
internal, 120 
ionic bond, 607 
Enthalpy, 124 
Enthalpy change, 124 
combustion, 158 
formation, 159 
Hess’s law 146 
temperature dependence, 159 
Entropy change, 168, 177 
in chemical Teactions, 191 
in ideal gases, 185 
Equations of state, 47 
reduced, 59 
Equilibria, 230 
ionic, 409 
in photochemical Teactions, 689 


IMDEX 


Equilibrium, 223 
adsorption, 555 
chemical, 223 
criteria of, 199 
effect of temperature on, 244 
heterogeneous, 245 
homogeneous, 244 
meta-stable, 259 

Equilibrium constants, 225 
concentration, 226 
temperature.and, 247 
thermodynamic, 199 

Equivalent conductance, 386 

Extensive properties, 114 


Fajan's rules, 615 
Fajans-Soddy-Russell group displace- 
ment law, 660 
Faraday, 60 
Jaws of electrolysis, 383, 384 
First law of thermodynamics, 120 
First order reactions, 475 
Fission, nuclear, 665 
Fluoresence, 693 
Formation, heats of, 148 
Fractionating column, 302 
Frazer, 351 
Free energy, 199 
of activation, 468 
and activity, 220 
Gibbs, 199 
Helmholtz, 199 
standard states, 194, 218 
and temperature, 195, 218 
Free energy change, 199 
and activity, 220 
and emf, 415 
and equilibrium, 247 
Freezing, separation of solid solvent 
on, 357 
Freezing point lowering of 
solutions, 357 
Feundlich equation, 552 
Fuel cells, 464 
Fusion, nuclear, 667 


Gamma rays, 656 

Gases, 5 
adsorption of by solids, 553 
adiabatic processes, 133 
Carnot cycle, 169 
combined gas law,:7 
compressibility factors, 41 
constant ,8 
electrodes, 454 
equations of state, 47 
heat capacity, 36 
ideal, 5 
isothermal processes, 130 
Joule-Thomson effect, 139 
kinetic theory, 14 
liquefaction, €0 
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nonideal, 5 

virial coefficients, 49 

viscosity, 28 
Gay-Lussac law, 6 
Gels, 546 
Gibbs, 203 

free energy, 203 

phase rule, 252 
Gibbs-Duhem equation, 215 
Gibbs-Helr holtz equation, 205 
Glass-electrode, for pH, 457 
Graham, 13 
Graham’s law of diffusion, 14, 18 
Grotthus Draper law, 684 


Half-life period, 657 

Hartley and Barkley osmotic pressure- 
apparatus, 366 

Heat, 119 : 
adiabatic processes, 133 
i constant volume and pressure, 


capacity of gases, 36. ` 

capacity of solids, 108 

of activation, 550 

of adsorption, 550 

of combustion, 155 

of formation, 148 

of neutralisationt, 152 

of solution, 150 

of vaporisation, 179 

summation, Hess’s law of, 146 
Be envenes W., uncertainty principle, 


84 
Helmholtz free energy, 199 
Hess's law of heat summation, 146 
Hittorf's method, 401 
Huckel, 398 
Hund, 599 G 
Hybridisation of atomic orbitals, 641 
Hydrate formation, 277 
Hydrogen, 593 

Bohr theory of atom, 572 

bond, 632 

electrode, 454 

ion catalysis, 523 

overvoltage, 466 

spectral series, 570 
Hydrolysis, 428 
Hydrophylic and hydrophobic sols, 535: 


Ideal gases, 5 

Ideal gas equation, modification of, 44 

Ideal solutions, 304 

Immiscible liquids, 332 2 

Independent migration of ions, 389 

Indicators, 434 

Indices, rationality of, 97 

Integral heat, of dilution, 150 
solution, 150 

Intensive properties; 114 

Intermolecular forces, 44 

Inversion temperature, 141 
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` Tonic equilibria, 409 . , 
nization constant determination, 409 
ee es of weak acids and bases, 412 
Tons . 


attraction, 398 

conductance of, 386 

migration 400 

mobilities, 400 

radii, 613 
Irreversibility and entropy change, 17 
Irreversible processes, 179 
Tsoteniscope, 67 
Tsothermal, 130 

adsorption, 550 
Isotopes, positive ray analysis and, 677 


" 


Joule-experiment, 127 
Joule-Thomson effect, 139 
, Junction-potential, 460 


Kamerlingh onues equation, 49 
Kelvin scale, 7 
Kinetic theory of gases, 14 
Kinetics, 471 
absolute reaction rates, 498 
catalysis, 522 
collisation theory, 495 
consecutive reactions, 507 
energy of activations, 494 
first order reactions, 475 
measurement of reaction rate, 474 
RE and molecularity of reactions, 


photochemical, 691 
reversible or opposing reactions, 505 
second order reactions, 485 
temperature effect, 491 
third order reactions, 488 
Kohlrausch's law, 389 
Kossel's theory, 607 


Lambert's law, 685 
Langmuir adsorption equation, 554 
Lattice, 96 
energy of ionic crystals, 91 
packing of spheres, 100 
Space, 96 
Laue X-rays, 105 
Chatelier Braum principle, 229 
Lewis, G.N., 414 
Lewis-Kossel theory, 607 
Light absorption, 684 
, by molecules, 684. ' 
inde process, 61 
Line spectra of atoms, 570 
‘Liquefaction of gases, 60 
Liquids, 54 E 
boiling point, 71 
constants, critical, 53 
continuity of states, 55 
Corresponding states, 58 
liquefaction of gases, 60 


INDEX 


surface tension, 72 
van der Waal's equation, 44, 45 
vapor pressure, 65 
viscosity of, 80 
Liquidus curve, 257 
Lowry, 412 
Lyman series, 570 —— 
Lophilic and lyophobic sols, 535 


Madelung constant, 611 
Magnetic properties, 713 
Magnetic quantum numbers, 598 
Mass 
action law, 223 
nuclear binding energy and, 663 
Spectrographs, 672 f 
Maxwell-Boltzmann distribution 
taw, 32 
Maxwell relations, 207 
Mean free path, 25 
Melting point, congruent, 275 
incongruent, 278 
Metallic bond, 636 
Migration of ions, 389 
iller indices, 95 
Millikan's Spparatis, 564 
Miscibility, 315 
Mobilities ionic, 400 
Molfraction, 298 
Molar conductance, 386 
Molar refraction, 699 
Molal, boiling point elevation 
constant, 334 
freezing point lowering 
constant, 35) 
quantities partial, 214 
Solution, 298 
ole, 2 
Molecular, collision, 495 
spectra, 706 
velocities, 20 
olecular weight determination, 354 
boiling point elevation, 354 
freezing point depression, 358 
steam distillation, 332 
vapor pressure lowering, 330, 343 
Molecurity of reactions, 474 
Molecules, 2 
dipole moments, 701 
light absorption, 684 
magnetic properties, 713 
moment of inertia, 707 
bonding, 570 
Polarisation, electrical, 704 
Spectra, 706 
Monoclinic system, 99 
Monovariant system, 278 
Moving boundary method, 403 


Nernst, 332 


Nernst distribution law, 332 


Neutralisation, Heat of, 152 


n 
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INDEX 


Nuclear change, 670 

Nuclear chemistry, 655 
artificial radioactivity, 661 
disintegration, 657 
fission and fusion, 665, 667 


mass and nuclear binding energy, 663 


Nuclear magnetic resonance, 716 


Octet rule, 607 
Ohm’s law, 380 
Oil drop apparatus, 564 
Onsager equation, 399 
Opposing reactions, 505 
Order of reactions, 475 
Orthorhombic system, 98 
Osmotic pressure, 364 
van't Hoff equation, 370 
vapor pressure relation, 371 
Ostwald, W., 81 
Dilution law, 409. 
Ostwald viscometer, 81 
Oxidation-reduction electrodes, 455 


Packing of spheres, 100 
Parachor, 700 
Partia] molar property, 216 
Partial pressures, 10 
Paschen series, 570 
Pauli exclusion principle, 598 
Peptisa'ion, 538 
Pfund series, 570 
pH scale, 421 
titration curves, 461 
Phase rule, 252 
one-component systems, 258 
two-component systems, 266 
three-component systems, 282 
Phenol-water system, 308 
Phosphorescence, 693 
Photochemistry, 684 
Chemiluminescence, 694 
Einstein law of equivalence, 685 
experimental study, 686 
Photoelectrical effect, 580 
Planck constant, 581 
quantum theory, 578 
Point groups, 96 
Poiseuille equation, 82 
Polarisation; 465 
Polarogram, 466 
Polymers, 723 
Positive rays, 602 
Potassium chloride, crystal structure, 
102 
Potential, 453 
decomposition, 466 
electrode, 453 
ionisation, 102 
junction, 460 
measurement, 454 
Potentiometer, 446. 
Potentiometric titrations, 461 
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Powder method of crystal analysis, 106 
Precipitation of sols, 543 : 
Pressure, and boiling point, 71 
and gas solubility, 309 
and kinetic theory, 13 
corresponding, 58 
critical, 50 
gas, 5 
partial, 10 
, Work of expansion, 122 
Principal quantum number, 597 
Promoter, catalytic, 531 
Protective action, 544 
colloid, 545 
in water, 413 
transfer in acids and. bases, 412 


Quantum efficiency, 686 
numbers, 596 
Quinhydrone electrode, 455 
Radiation chemistry, 695 
Radioactive decay constant, 657 
disintegration, 657 
elements, 655 
indicators, 669 
series, 661 
tracers, 669 
Radioactivity, 655 
Radio-carbon dating, 659 
Radio isotopes, 679 
Raman spectra, 711 
Raoult's law, 304, 347 
deviations from, 307 
and ideal liquid systems, 305 
and ideal solutions, 305 
and liquid-vapor compositions, 306 
negative deviations, 308 
positive deviations, 307 
Rate of reaction, 473 
Reaction, bimolecular, 474 
consecutive, 507 
effect of temperature , 491 
endothermic, 145 
enzyme, 526 
exothermic, 145 
heat of, 139 . 
heterogeneous, 472 
homogeneous, 472 
kinetics, 471 
~molecularity and order, 475 
nuclear, see Nuclear reactions, 668 
opposing, 474 
Real gases, 40 
photochemical, 689 
temperature effect, 460 
unimolecular, 499 
variation with temperature, 488 
zero order, 490 
Reduced equation of state, 59 
volume, temperature and 
pressure, 58 
Reduction at cathode, 465 


750 


` potential, 466 
Reference electrodes, 454 
calomel, 455 
Refraction, see Molar refraction, 699 
Refractive index 699 — 
Resistivity, specific, 386 
Resonance, 651 
and bond distances, 682 
Reversible, process, 121 
reactions, 505 — 
Ritz combination principle, 569 
Rotating crys:al method, 107 
Rotational energy, 707 
Rutherford, 567 
Rydberg constant, 569 
hydrate, 277 . 
Scherrer, X-ray diffraction, 106 
Schrodinger equation 364 
Second-order reaction, 482 
Second Law of thermodynamics, 168 
Semipermeable memberane, 364 
Sensitised photochemical Teactioas, 692 
Smith & Menzies, vapor Pressure, 65 
Sol see also colloidal, 535 
coagulation, 545 
electrical properties, 54] 
kinetic properties, 541 
lyopbilic, 535 
lyophobic, 535 
optical properties, 540 
precipitation, 543 
preparation, 536 
Solubility, 328 
conductance and, 385 
curves, 329 
product, 44 1 
Solute adsorption, 550 
Solutions, 296 
azeotropes, 319 
boiling point, 71 
van't Hoff's law, 52 
vapor pressure, 304 
Srensen, 398 
Space lattice and groups, 97 
Specific heats of gases, 33 
Spectra, 569 
Jine, 570 
molecular, 707 
nuclear magnetic resonance, 716 
Raman, 711 
rotation, 707 
vibration, 710 
vibration-rotstion, 710 
Spectrograph, mass. 672 
Spheres, packing of, 101 
Spin quantum number, 598 
State, 113. à 
continuity principle, 55 
correspondir g, 58 
functions, 117 
Stationary state, 572 
Steam distillation, 332 


INDEX 


Stoke’s law, 83 
Surface tension, 72, 
of liquid, 73  . 
Symmetry, crystalline, 97 
Temperature, 5 
consolute, .308 
critical, 54 
equilibrium constant variation 
with 247 
eutectic, 271 d 
heat « f reaction variation with, 156 
Thermochemistry, 144 
Thermodynamics 112 
first law of, 120 
second law of, 168 
third law of, 193 
Thomson apparatus, 564 
} component systems, 282 
Tie-line, 284 
Titration 
condu tometric, 391 
potentiometric, 461 
Transference, 400 
concentration, 401 
Transference numbers, 400 
Transition 
state theory, 498 
Translation 
energy of gases, 33 
Trouton's rule, 70 
Tyndall effect, 540 
Ultrafiltration, 539 
Uncertainty principle, 584 
Uranium fission 665 
Valence bond method, 626 
van der Waal’s equation, 44, 55 
yan der Waal's forces 571 
Van't Hoff, 370 
Van't Hoff equation, 370 
Vapor pressure, 65 
of liquids, 5 
lowering of, 345 
VSEPR theory, 648 
Vibration, energy of, 709 
Virial Coefficient, 4) 
Viscometer, Ostwald, 51 
Viscosity, 28 
liquid, 80 
ater 
heavy, 680 
ionisation, 397 
System, 272 
ave functions, 586 
Wave nature of clectrons, 586 
Weiss indices, 94 
Wheatstone bridge, 388 
“Tay 
Bragg method of analysis, 102, 104 
Laue method of analysis, 105 
Powder method of analysis, 106 


Zero order reactions, 490 


Zeta-potential, 
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